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THE RELATION BETWEEN THE TOTAL THERMAL 
EMISSIVE POWER OF A METAL AND ITS 
ELECTRICAL RESISTIVITY 
By C. Davisson AnD J. R. WEEKs, Jr 


INTRODUCTION 


The earliest attempt to express the total thermal radiation from a 
metal as a function of its electrical resistivity and temperature appears 
to have been made by Aschkinass (1) who in 1905 derived the expression 


P=c,X8.156X10" Yo Tt 


for the total power radiated per unit area from a metal of resistivity 
w and temperature 7. c, in this expression is the first constant in 
Planck’s radiation formula appropriate to wave-lengths measured in 
microns, and w is 10* times greater than the ordinary ohm-cm resis- 
tivity. It is the resistance in ohms of a specimen of the metal one meter 
long and one square millimeter in cross-section. The power unit of P 
is the same as that of c;. This expression was arrived at by evaluating 
the integral 


CG -1 
af BE, [eF_1] dd 
0 


in which E,, the emissive power of the metal for wave-length \, was set 
equal to (1 —R,) =0.365 (w/d)’*. This is an approximate expression for 
one minus the reflecting power of a metal deduced by Drude on the 
basis of Maxwell’s electromagnetic theory of light. 

Aschkinass pointed out further that for a metal whose resistivity 
is proportional to its absolute temperature, w = w») 7/273, the expression 
for power radiated becomes 


P’ =¢,X 4.936 X10 a T°. 


581 
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These formulae have been tested in the case of platinum by Lummer 
(27) and by Weber (51). In Lummer’s experiments a platinum wire of 
known dimensions was heated electrically in vacuo, and the tempera- 
tures corresponding to various values of power dissipation were deter- 
mined by matching the brightness of the filament with that of an 
electrically heated platinum capsule enclosing a calibrated thermocouple. 
The temperatures determined in this way were compared with those 
calculated from the second of Aschkinass’ formulae. A maximum 
difference of 15 degrees was found between the two sets of values in the 
range of 1400°K to 1900°K. Lummer took occasion in reporting these 
results to point out that since Drude’s formula for reflecting power 
refers to reflection at normal incidence, the corresponding formula 
for emissive power refers only to normal emergence, and that in using 
this value of E, in calculating his formula Aschkinass tacitly assumed 
for the radiation from metals a distribution of emission in accordance 
with Lambert’s cosine law. Lummer considered that his results verified 
Aschkinass’ formula and that they justified this assumption in regard 
to Lambert’s law. It should be mentioned that in measuring the power 
radiated Lummer measured voltages across the entire filament and 
apparently made no corrections for end effects. 

Weber’s experimental arrangement was similar to that of Lummer’s, 
but in his measurements the average temperature of the filament was 
raised but slightly (35 degrees at most) above the temperature of the 
surroundings. Under these circumstances most of the power supplied 
to the filament was conducted to the leads. Correcting for this loss, 
Weber found the remainder to differ at most by ten percent from the 
theoretical differential values computed from Aschkinass’ first formula. 
This he regarded as a satisfactory agreement. 

In 1915 Foote (13) using the more accurate radiation constants 
available at that date, extended Aschkinass’ calculations by including 
the second order term in the approximate formula for EZ, and by 
dividing the expression for the power radiated from unit area of the 
metal by the corresponding expression for a black body. By this 
procedure Foote arrived at the formula 


E=0.5736 (Tp)*—0.1769 (Tp) 


for the total emissive power of a metal, where p is resistivity in ohm-cms. 
From the way in which this calculation was carried out E should refer 
to emissive power defined as the ratio of the total power radiated 
per unit area from the metal to the tetal power radiated per unit area 
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from a black body at the same temperature. On the other hand, the 
same formula would have been obtained if the ratio of normal intensities 
of radiation had been calculated. The difference is that in the latter 
case E refers to emissive power defined in terms of normal intensities 
(power per unit area per unit solid angle) and is free from the assump- 
tion that radiation from metals obeys Lambert’s law. That this was 
Foote’s interpretation of the formula is perhaps evident from the means 
he employed to test it. 

Foote’s experimental method consisted in comparing the intensity 
of radiation proceeding normally from an electrically heated sheet of 
platinum with the intensity to be expected at the same temperature 
from a perfectly black surface. This was done indirectly by comparing 
the apparent temperatures of the platinum, as determined by means of 
a total radiation pyrometer calibrated for a black body, with its cor- 
responding true temperatures. Emissive powers calculated from these 
data were found to be in practically perfect agreement with those 
calculated from the formula over the entire range of observation, 
1000°K to 1500°K. 

The writer’s particular interest in this subject began with repeated 
failures to check experimentally total emissive powers for platinum 
calculated from Foote’s formula. The method employed in these meas- 
surements—to be described more fully in another section—was essen- 
tially that employed by Lummer and by Weber, but with certain 
improvements. This method is appropriate, of course, for the deter- 
mination of emissive powers defined in terms of total power radiated, 
and might be expected to give values in agreement with Foote’s 
formula only if Lambert’s law were at least approximately satisfied. 
That this law is not strictly satisfied by the radiation from metals is 
well known. It was shown long ago by Uljanin (48) that the cosine 
law is incompatible with Fresnel’s laws of reflection both for dielectrics 
and for metals. And departures from Lambert’s law agreeing, qualita- 
tively at any rate, with Uljanin’s calculations have been observed by 
Bauer and Moulin (2) for red and for total radiation from platinum, 
and by Worthing (54) for red and blue radiation from tungsten. Bauer 
and Moulin’s results are particularly interesting as they show that the 
emissive power of platinum increases very considerably with angle of 
emergence. Thus at 60 degrees from the normal the emissive power 
of total radiation (all wave-lengths) was found to be 14 percent greater 
than at normal emergence, and at 70, 80 and 90 degrees values were 
found that exceeded that for zero degrees by 35, 77 and 90 percent 
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respectively. Their method of observation was similar to that employed 
by Foote. Departures of such magnitudes are sufficient, of course, to 
introduce more than negligible differences between the two differently 
defined total emissive powers. 

Besides the experiments to which special reference has been made, 
there are, of course, many others on the reflecting power and emissive 
power of metals for radiation of particular wave-lengths that bear more 
or less upon the subject of this paper. Their connection is hardly 
direct enough, however, to warrant reviewing them. A résumé of the 
whole subject by F. Henning (56) has recently appeared in the Jahrbuch 
der Radio-Aktivitat, and a comprehensive bibliography compiled by 
Dr. K. K. Darrow of this laboratory, is appended to the present article. 

In the following section a formula is developed for the total emissive 
power of a metal which takes into account the departures from Lam- 
bert’s law required by Fresnel’s laws of reflection. It appears from this 
formula that the total emissive power of a metal defined in terms of 
total power radiated is, in general, about 20 per cent greater than that 
defined in terms of the intensity of the total emission normal to its 
surface. 

In a later section the results are given of the measurements which 
we have made of the total emissive power of platinum. These are 
found to be only fairly well represented by the formula here developed. 
The discrepancies between the observed and the calculated values are 
attributed to two causes—a variation of the electrical resistivity of 
platinum with frequency for frequencies approaching those of the visible 
spectrum, and to the effect upon the radiation of a natural period of the 
platinum atom corresponding to a wave-length of about 7.54. On the 
whole the departures from the theoretical values are about what might 
be expected from the limited success of Drude’s formula in accounting 
for the reflecting powers of metals on the basis of their zero frequency 
resistivities as shown by the investigations of Hagen and Rubens 
(14, 15, 16, 17, 18), Weiniger and Pfundt (52) and others. 


THEORETICAL CONSIDERATIONS 


For monochromatic radiation meeting a reflecting surface at an angle 
of incidence ¢ and polarized at right angles to the plane of incidence 
the ratio of the amplitude of the reflected radiation to that of the 
incident as given by Fresnel’s law is 

sin (g— x) 
sin (¢+x) 
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where x is defined by the relation 

sin ¢ 

ve 

¢ is a constant for any particular combination of medium and light 
frequency. In the case of metals e’ is complex and equal on Maxwell’s 
theory to 


sin x= 


€—2ior 
where «¢ is the dielectric constant of the metal, oa is its electrical con- 
ductivity in electrostatic units, and r is the frequency per second of the 
light vibration.!. Or 
e’ = €—i 60A/p 
where \ is the wave-length of the radiations in cms. and p is the resis- 
tivity of the metal in ohm-cms. 

The values of (60/p) that are of importance in the present connec- 
tion are large compared with any value (e—1) is apt to have, so that, 
no particular error is introduced by setting « equal to unity. Making 
this approximation and eliminating x from the relations just given, 
the ratio of the amplitudes is found to be 





A—cos ¢+iB 
A+cos ¢+1B 
where 
1 ; 
A =—]| (3600 d”/p?+cos'y)!+co | 
“al : ° 
and 
1 ; 
B=—=| (3600 d*/p?+cos*y)! — cos? | 
Va p ¢ ¢]. 


This is expressible in the form ge“ and, therefore, represents a change 
in phase at reflection as well as a change in amplitude. Multiplying 
by its conjugate, ge“, one obtains g’, the coefficient of reflection, which 
is found to be 

R= [(3600 d2/p? + costy)'+ cos*¢g]! — v2 cos ¢ 
[(3600 d2/p? + cos'y)!+ cos?y]!+V 2 cos ¢ 

This is for radiation polarized at right angles to the plane of incidence. 
For radiation polarized parallel to the plane of incidence Fresnel’s law 
gives for the ratio of amplitudes 

tan (g—x) 

tan (y+x) 
By a reduction similar to that above the coefficient of reflection is found 


in this case to be 





R” =MR’ 
! Drude’s “Theory of Optics,”” Mann and Millikan translation, p. 358 et seq. 
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iin eee (3600 d*/p?+cos‘y)!+sin*y tan*y—2A sin ¢ tan g 
(3600 d2/p?+-cos*y)!+sin?y tan’g+2A sin ¢ tan ¢ 
For unpolarized radiation the coefficient of reflection is 
R=R’ (1+M)/2=f(Q/p, ¢). 

For the special case g = 0 

R= R,=|(3600 ¥*/*+1)+ 1} V2, 
[(3600 d?/p?+-1)!+ 1]}'+ V2 

This expression for the reflecting power is not identical with one 
derived by Planck (39) and used by Foote as the basis of his derivation. 
The difference which is slight appears to arise from an error in signs at 
one point in Planck’s derivation. 

The emissive power of a metal of resistivity p for radiation of wave- 
length \ proceeding from it in a direction making an angle ¢ with the 
normal to its surface is (1—R) by Kirchhoff’s law, and since this is a 
function of ¢ the radiation does not satisfy Lambert’s law. 

The total power radiated per unit area of black body of temperature 
T in the wave-length interval 4+ 4 dd as given by Planck’s formula is 








a -1 
Jy dX= [er] dx. 
Of this the amount radiated in the solid angle interval ¢+}4 d¢ is 
2J, sin ¢ cos ¢ dg dk=J) d sin*g dx. 
For a metal this becomes 
(1—R) J, d sin*g dn. 
The total power radiated by a metal is, therefore, 
P=fJ, f° (1—R) dsinty a 
0 Oo 
and its total emissive power is 
S° SxS! A—R) d sintg dd 
0 0 
SS, a 
0 
The analogous ratio evaluated by Foote is 
S-* Sx (1— Ro) dr 
0 
SI, a 


0 


E= 








E,= 


The evaluation of the ratio represented by E presents considerably 
greater difficulties as the integration with respect to ¢ appears impos- 
sible by analytical methods. This integral 


JS" (1-—R) d sinty 
0 
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represents the emissive power defined in terms of the total power 
radiated of a metal of resistivity p and for radiation of wave-length X. 
It is a function of (*/p). It should be somewhat larger than (1— Rp) 
which is the corresponding emissive power defined in terms of normal 
intensities. This also is a function of (*/p). By resorting to graphical 
integration it has been possible to construct a table of the ratios of 
these two functions for various values of (,/p). These are given in 
Table 1. 


TABLE 1 


: | 
f. (1—R) d sin*@ | 1+0.305 7133686, »)) 


| 1—Re | =F(p/d) 
SS aa eee 
0 | 

1165 | 
| 











patie 





1184 
1677 
1993 
. 2261 
. 2389 


+0.17 
—0.24 
—0.20 
—0.03 
—0.10 
—0.10 
—0.09 
—0.12 
—0.14 
+0.31 
—2.12 


! 


1705 
2017 
2265 
2401 
2480 
2577 
2640 
2686 
2735 
4/3 


— 
0 | 0.00 
| 
| 


—_ eee 





In the third column of Table 1 are values of the function 
1+0.305 ¢—'33680/%)$ = F(p/p). 

This is an entirely empirical function which has been found to repre- 
sent the ratios tabulated in column two with considerable accuracy. 
The percentage differences are given in column four. 

We have, therefore, to a close approximation 


S' (1—R) d sin?g=(1—Ro)F(p/d). 


0 
Expanding the two factors on the right 
(1— Ro) = 0.365 (p/d)! —0.0667 (p/X)+0.00912 (p/d)? 
and 
F (p/d) = 1.305 — 0.4077 (p/d)'+0.2725(p/r) —0.1214(p/r)?. 2. . 
Multiplying these two series together we find 
JS" (1—R)d sin?y =0.476(p/)! —0.236(p/d) +0.139(p/d)!—0.0662(p/d)?. 


Substituting this series into the expression for E the resulting 
integrals may be expanded as series of gamma integrals which may be 
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evaluated. The procedure is identical with that used in deducing the 
Stefan-Boltzmann relation from Planck’s equation. These operations 
lead to 


£=0.8992( 7)'—o.9047 (72) +1.149( 7 )'—1.248( 7?) . e 
Ce Ce Ce Ce 


C2 being the second constant in Planck’s equation. For ¢cz=1.432 cm 
degrees, 
E=0.751(Tp)'—0.632(Tp) +0.670(Tp)#—0.607(Tp)?. . . . 

Foote’s formula calculated for the same value of c. and worked out to 
three terms becomes 

E, =0.576(7Tp)!—0.178(Tp)+0.044(Tp)?. . . . 

These finite series are, of course, acceptable expressions for E and E, 
only for a limited range of values of the argument—from (7p) =0 
up to a value of (Jp) which depends upon the accuracy required. We 
have examined the convergence of the series for E and find that 
with three terms included the error reaches one per cent for a 
value of (Tp) somewhat less than 0.075. With four terms included the 
error at (Jp)=0.075 is apparently less than 0.5 percent, and is not 
greater than one percent at (Tp) =0.10. This is sufficient accuracy for 
present purposes as the value of (Tp) for platinum at 1500°K is about 
0.075. 

The values of E and £, are plotted against (Tp) in Fig. 1 from 
(Tp) =0 to (Tp) =0.1. 


EXPERIMENTAL METHOD 


The formula for total emissive power derived in the last section 
serves also, through Kirchhofi’s law, as a formula for A, the total 
absorptive power of a metal immersed in black body radiation. In 
this case T refers to the temperature of the radiation and p to the 
resistivity of the metal at the temperature of the metal which may or 
may not be the same as that of the radiation incident upon it. Thus 
a metal at temperature T immersed in radiation of temperature 7) 
radiates power proportional to ET‘, absorbs power proportional to 
AoT,*, and consequently has an apparent total emissive power 


Ps To : 
E’=E 4o(7*) 


where E=f(Tp) and Ao=f(Top), 
p, as already stated, being the resistivity of the metal at temperature 7. 
This is the formula which we have attempted to test. 
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The method of the test has been similar in principle to that employed 
by Lummer and by Weber. The “observed” value of the apparent 
emissive power of a straight platinum filament, electrically heated in 
vacuo, is found by dividing the power dissipated in a middle section of 
the filament—included between potential leads—by the power that 
would be radiated from an equal area of perfectly black surface at the 
same temperature. This value is then compared with the “theoretical” 
apparent emissive power calculated from the temperature and resis- 
tivity of the filament and the temperature of the surroundings by means 
of the formula just given. This procedure is admissible, however, only 
at rather high filament temperatures. 


0.2 T | | 





THeRmar Emissive Power oF METALS 
TotaL Emissive Power 
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If the filament temperature is not sufficiently above that of the 
surroundings the heat lost from the middle section by conduction is not 
negligible in comparison with that lost by radiation, and the dissipation 
of electrical power between the potential leads is not a satisfactory 
measure of the net radiation. The temperature range in which this 
efiect is important decreases as the total length of the filament is 
increased, but vanishes only for a filament of infinite length. In dealing 
with this difficulty we have attempted to extrapolate from the obser- 
vations on two similar filaments of different lengths to an ideal set of 
observations that might be expected for a filament of infinite length. 
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In this way, it has been possible to make a fairly satisfactory compari- 


son of observed and calculated apparent emissive power from 300°K 
to 1500°K. 


EXPERIMENTAL ARRANGEMENT 


The filaments on which measurements have been made were cut 
from a supply of chemically pure platinum wire obtained from Baker 
and Company of Newark, N. J. The shorter of these, to be referred 
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EXPERIMENTAL TUBE CONTAINING FILAMENT 1 
Fic. 2 


to as filament 1, had a total length of 16 cm and an experimental seg- 
ment of 4 cm. The corresponding lengths for the longer filament. 
filament 2, were 50 cm and 12 cm. A diagram of the tube containing 
filament 1 is shown in Fig. 2. The ends of the filament were welded to 
heavy platinum leads and these were continued through the glass seal. 
The potential leads were electrically welded to the filament and were 
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of the same material as the filament, being drawn down to .001” 
diameter from a piece cf the filament wire. This tube was joined to a 
narrow auxiliary tube containing cocoanut charcoal. The combination 
was baked out during exhaust in the usual way to free the parts from 
gas, and was finally sealed from the pumps with the charcoal at 420°C 
and the filament glowing. No means were provided for measuring the 
pressure in this tube, but from experience with similar tubes in which 
measurements have been possible we believe that with the charcoal 
tube in liquid air the gas pressure was less than 10-? mm of mercury. 

The tube containing filament 2 could not be baked out conveniently 
and observations were made on this filament with the tube sealed to the 
pumps. These consisted of a train of two rotary oil pumps and a 
mercury aspirator. A trap immersed in liquid air was interposed 
between the aspirator and the experimental tube. During preparation 
the tube and all glass parts up to the trap were thoroughly heated with 
a Bunsen flame. The pressure during the measurements was maintained 
at 10° mm of mercury or less. 





r 
| 


POTENTIOMETER | 




















Fie. 3 


A diagram of the circuit used in determining the current-voltage 
characteristics of the two filaments is shown in Fig. 3. The current 
through the filament was maintained constant at chosen values by 
adjusting the resistance R to maintain an appropriate difference of 
potential across the standard ohm S in series with the filament. The 
Leeds and Northrup potentiometer used in making this setting was 
then switched to the potential leads and a determination made of the 
potential across them. Observations were made for both directions of 
heating current and the mean of several concordant readings for each 
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direction was taken as the final value. Observations were also made 
both for successively increasing and decreasing values of the current. 


TEMPERATURE DETERMINATIONS 


Filament temperatures were calculated from the filament resistance 
and the temperature-resistivity characteristics of the material. The 
constants a and b of the relation 

r=r(1+at+bdF), 
where fo is the resistance of the filament at 0°C and r is its resistance at 
°C, were determined for two samples of the filament wire by tests made 
at the Bureau of Standards. 

The value of ro for each filament was determined at the conclusion of 
the current-voltage measurements. The bulb of the tube was cut 
away and the filament in its original mounting was placed in a bulb of 
similar dimensions containing transformer oil. This bulb was then 
packed in chopped ice flooded with distilled water, and the usual 
precautions were taken to insure the establishment of zero Centigrade. 
Values of ro were determined from current-voltage measurements. 
A series of small values of current was used with the idea of extra- 
polating to the value of resistance for zero current. This was found 
unnecessary, however, as no measurable variation in the resistance was 
found for currents less than 50 milliamperes. 


FILAMENT DIMENSIONS 


The length of each filament (distance between potential leads) was 
determined after the completion of the ro measurements and while the 
filament was yet in its original mounting. A low power micrometer 
microscope travelling against a fairly accurate scale was used in these 
measurements. ' 

In determining filament diameters a section of the filament was cut 
from between the potential leads, and its length and mass accurately 
determined. The average diameter was then calculated from these 
data and the density of platinum which was taken as 21.37 grams per cc. 
The length of filament used in this measurement was only slightly less 
than the length between the potential leads. 


CONDUCTION LOSSES 


Conduction losses are most important at low filament temperatures. 
Fortunately it is just in this range that they can be dealt with most 
easily. If the mid-point of the filament is not more than 30 or 40 
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degrees above the common temperature 7, of its ends and its sur- 
roundings it is permissible, for present requirements, to assume that 
the resistivity and thermal conductivity of the filament do not vary 
along its length, and that the net radiation from any element of its 
surface is directly proportional to the difference in temperature between 
the element and its surroundings. For this case it may be shown that 
if a constant heating current maintains the mid-point of the filament 
% degrees above the temperature 7, the corresponding temperature 
difference for a point x cm. from the midpoint will be given by 
o=0,| So (o/k)} L—cosh (o al 
cosh (o/k)' L—1 
where L =one-half the total length of the filament (cr) 
o=net radiation per unit length per degree temperature dif- 
ference (watts per cm per degree) 
k =thermal conductances of filament (watts cm per degree). 
From this we have that the flow of heat toward the end at a point 
x cm from the center is 


i dail (z) _ (ok) sinh (o/k) x 








dx cosh (o/k)! L—1 


Or, expanding the hyperbolic sine 





- (ak)*, Oo 4 : 1 a\? ‘ 
mantra) 8(0)'*+ 


If the argument of the series is sufficiently small all but the first term 
may be dropped and 


Pas oxo a wo/2 
cosh (¢/k)' L—1 cosh (¢/k)! L—1 
where wo = 20x6) represents the net radiation from the filament between 
the points +x and —x, provided @ at x is not appreciably less than 4. 
The total power dissipated in this segment of the filament is then 


- /pys 
wm wrt hay | cosh (¢ ky L | 





cosh (o/k)! L—1 


30 that, the ratio of actual power dissipation to that required to main- 
tain the net radiation is 
n=" = cosh (o/k)} L _ e2o/WAL+ 1 
« cosh (¢/k)t L—1 [_/#'z—1) 
Solving this for the exponential term 
1+(2n—1)! 
n—1 

It will be seen that if 2x is the distance between the potential leads n 

is also the ratio of the apparent emissive power calculated without 





(7 /RAL = 
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regard to conduction losses to the correct value of this constant. Des- 
ignating these by E” and E’,n=E’’/E’. Thus if subscripts 1 and 2 
are used to designate the lengths and ratios of the respective filaments 
for the same value of 4, we have 


pes paso of [tani 


n,—1 N,—1 
We have also 
n;/n,= Ey’ /E,” 
so that, if Z,"’ and E,”’ are known for a particular filament temperature 
these data together with the ratio L2/Z, are all that are required to find 
E’. n, or nz may be found from the relations just given, and E’ is then 
found from the relation E’ = E”’/n. 

This procedure requires no special knowledge of the thermal con- 
ductivity of the material. It is important, however, to find if the 
assumed conditions are reasonably well satisfied. These are i) that 
(o/k)*x may be used to replace sinh (¢/k)'x, and ii) that (6)—6,)/6 is 
small compared to unity. To test these we require approximate values 
for o and k. The theoretical value of the total emissive power of 
platinum at 300°K (Tp =3.3 10%) is about 0.04, so that, 

a=0.04 S(xd) (47,?) 
where d is the diameter of the filament and S is the Stefan-Boltzmann 
constant. The factor (47,°) is the approximation to (7*—To*)/#, 
where T=7 +. d=0.0152 cm and S=5.7X10-" watts/cm? deg’, so 
that 
o=1.18X10* watts/cm deg 

The thermal conductivity of platinum at 18°C is given in the tables 

as 0.1664 cal. per sec. per degree per cm, so that, 


k=0.1664 (7) 4.2 


= 1.2710" watts cm/deg 
The value of x for filament (2) is 6 cm. We have, therefore, 
(o/k)ix=0.578 and sinh (¢/k)'x=0.611. 

These values differ by five percent. For filament (1) the corresponding 
values differ by one percent. 

Substituting into the equation for @ we find, for filament (1), (4% —#@.) 
6) = 0.060, and for filament (2), (@—6.)/@ = 0.037. 

These departures are not very serious particularly as it may be shown 
that the error caused by replacing the hyperbolic sine by its argument 
is compensated to some extent by the error caused by replacing the 
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average temperature of the experimental segment by its maximum 
temperature. 

The E” curves for the two filaments are shown in Fig. 4. These are 
curves of emissive powers which have been calculated without regard 
either to conduction losses or to back radiation. The curve for filament 
(2) lies below that for filament (1), except at high temperatures, because 
flament(2) being the longer, the conduction losses from its experi- 
mental segment are less important than those from the experimental 
segment of filament(1). The curves come together at high temperatures 
because in this range conduction losses from both filaments have 
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become negligible in comparison with radiation losses. What is aimed 
at in the extrapolation is to pass from curves E,’’ and E,” to the curve 
E’ which would be observed for an infinitely long filament, that is, to 
the true curve of apparent emissive powers as already defined. 

In connection with the method of making this extrapolation which 
has just been described we have yet to consider the effect of the potential 
leads in disturbing the distribution of temperature along the filament, 
and in conducting heat from it. Unfortunately these efigcts are rather 
important. It may be shown that for low temperatures the heat 
flowing into a potential lead will be given by 

h’ = (o’k’)} @ coth (0’/k’)! 
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where o’ and &’ are the radiation and conduction constants for the wire, 
l is the length of the potential lead and 6 is the temperature difference 
between its ends. Since the potential leads are of the same material 
as the filaments but of 1/6 the diameter, we have o’ =o/6 and k’ =k/6?. 

The importance of having the fine wire portions of the potential 
leads long was not fully appreciated at the time the first tube was 
assembled, and in this they were but 3 cm in length. With filament (2), 
however, we used fine wire portions of 30 cm length. We have then 
for filaments (1) and (2) 

hy’ =1.36X 10°06 and he’ = 0.825 X 10°98. 
The corresponding values of / calculated from the relation already given 
are 1=7.61X 10% and h.= 1.63 X 106. 

The total conduction loss will be measured approximately by 
(2h+h’), assuming that one-half of the heat conducted along the two 
potential leads comes from the experimental segment. If the difference 
between @ and @ be disregarded we have then h’/(2h+h'’) =0.082 for 
filament (1) and h’/(2h+h’) =0.20 for filament (2); that is, the potential 
leads account for 8 percent of the conduction loss from the experimental 
segment of filament (1) and for 20 percent of the corresponding loss 
from filament (2). 

The distribution of temperature along the filament is thus consider- 
ably different from that which we have assumed. An examination of 
the departures shows that if the extrapolation is applied to the data 
without regard to this disturbance it will lead to values of apparent 
emissive power which are in error by being too great. 

On the other hand, the loss of heat by conduction must be somewhat 
less than the calculated value of (2h+h’), since i) the temperature of 
the hot end of the potential lead is not quite as high as has been 
assumed, and ii) for a given average temperature between the potential 
leads, determined in part by the cooling effect of these leads, the temper 
atures beyond the leads will be higher than assumed in calculating /. 
For these two reasons both / and h’ will be somewhat less than cal- 
culated. If then we write w).=w—(2h+h’) and calculate values of E’ 
from these values of w) we should arrive at values of apparent emission 
power that are in error by being too small. This method is not vitiated 
by the fact that the theoretical value of E is used in calculating 4 and 
h’, as may be seen by expanding the expressions for these quantities. 
E appears only in the second and higher order terms. 

There are thus two methods of calculating values of E’, the extra- 
polation method which should yield values that are too great, and the 
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correction method which should yield values that are too small. Both 
methods have been used and have been found to yield values of E’ 
which are properly related to one another as regards relative mag- 
nitudes, and which differ at most by ten percent. Since the true value 
should lie between these, their mean should differ from the true value 
at most by five percent. 

This method of arriving at values of E’ is applicable only to the data 
for the lowest temperatures—those within 30 or 40 degrees of room 
temperature. In this range the values found for E’ are about four- 
fifths of the corresponding values of E,”’; that is, at the lowest tempera- 
tures about one-fifth only of the power supplied to the experimental 
segment of filament (2) is lost by conduction. As the temperature is 
increased this fraction must steadily decrease. We have then that the 
E’ curve lies between the curve of E,” and a curve that might be con- 
structed representing 0.8 E,”. At the !owest temperatures it lies near 
the latter of these curves, and at temperatures above 1100°K it is 
separated by an inappreciable amount from the former, as may be 
inferred from the close agreement between E,”’ and E,”’ in this range. 

It is not easy to determine the course of the E’ curve as it crosses over 
from one of these curves to the other. The procedure adopted has been 
to continue applying the extrapolation and correction methods beyond 
the range in which they may be reasonably justified, and until the cal- 
culated E’ does not differ appreciably from E,"’. The curve generated 
in this way (Fig. 4) meets the general requirements, but may obviously 
differ considerably from the true curve. While the experimental 
results for temperatures below 1000°K are thus of little value in fixing 
the actual emissive powers of platinum they are sufficiently accurate, 
as will appear later, to fix the general relation between actual and 
theoretical emissive powers in this range. 


EFFECTs DUE TO THE GLASS BULB 


We have assumed in calculating the apparent emissive power that 
the radiation falling on the filament is the black body radiation of the 
room. It will be appreciated, however, that the glass bulb surrounding 
the filament is, in general, at a somewhat higher temperature than the 
room owing to its absorption of radiation from the filament, and that 
in consequence the radiation falling on the filament is somewhat greater 
in amount than it would be if the bulb could be dispensed with. 
Furthermore, the same glass walls serve as a reflector to return to the 
filament a part of its own radiation. Both of these effects have been 
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carefully examined, and it appears that neither of them is of appreci- 
able importance in connection with the present measurements. 

The effect due to reflection was minimized by mounting each of the 
filaments somewhat out of the axis of its tube. The direct return of 
radiation to the filament after a single reflection was thus avoided. If 
all radiation remaining in’ the bulb after two reflections were incident 
upon the filament the amount absorbed would be a fraction A(2R)? of 
that radiated, where A = E is the absorptive power of the filament and 
R is the reflecting power of the glass. Using Pfundt’s* values of R for 
wave-lengths up to 13y and the values of E given in this paper we 
estimate that the maximum value of 4A R? is not greater than 0.002. 

The effect due to the increased temperature of the bulb has been 
calculated on the assumption that all of the power radiated from the 
filament is absorbed at the inner surface of the bulb, and then lost by 
conduction through the glass and into the air. The state of general 
radiation inside the bulb is assumed to be that appropriate to the 
temperature of the inner surface of the bulb. The relation between this 
temperature and the power radiated from unit length of the filament 
was determined in auxiliary tests in which bulbs similar to those in 
which the filaments were mounted were filled with heated water, and 
observations made on their rates of cooling. From calculations based 
on these measurements it appears that the calculated values of F’ 
should be changed almost uniformly by about one part in 10‘. It is thus 
seen that both effects are negligible. No appreciable error is introduced 
by regarding the bulbs as perfectly transparent. 


DATA AND RESULTS 
The numerical data and results are contained in the following tables. 


TABLE 2 


(Filament Constants) 








| Filament 1 Filament 2 





Total length, cm 16. 50. 
Length of experimental segment, cm......................| 4.0421 12.076 
Diameter, cm | 0.015196 0.015212 
Resistance at 0°C.............. 0.220972 0.658762 
Temperature coefficients of 
resistance (a= 3.946 X 10° deg.“ 
(b=-5.85 X 10-7 deg. 


| 








? A. H. Pfundt, Astrophysical Jour., 24, p. 19; July, 1906. 
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TABLE 3 
Apparent Emissive Powers (uncorrected for conduction losses) 


| =Heating current (amperes) 
V =Potential across experimental segment (volts) 
T= Mean temperature of experimental segment (°K) 
£'’=Apparent emissive power uncorrected for conduction losses (based on 5.72210" 
watts/cm? deg‘ as the value of the Stefan-Boltzmann constant). 


Parentheses are used to indicate interpolated and extrapolated quantities. 
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0.00 
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029962 
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074879 
100021 


124937 
149961 
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200042 


249982 


300063 
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0.00243 
0.00732 
0.00492 
0.01525 
0.00753 
0.02427 
0.01036 
0.03478 
0.01347 
0.04666 
0.08213 
0.03572 
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27766 
0. 10897 
0.36659 
0.15270 
0.46320 
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0.25005 
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0.30314 
0.90632 
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0.00275 
(0.00940) 
0.01063 
(0.0315) 
0.0225 
(0.0560) 
0.0369 
(0.0720) 
0.0517 
(0.0836) 
(0.0921) 
0.0920 
(0.0935) 
(0.0948) 
0.0950 
(0.0963) 
(0.0988) 
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0.1066 
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0.115 
. 116) 
.123 
124) 
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0.00266 
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0.0269 


0.0337 
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0.0663 


0.0744 
0.0814 


0.0881 


0.1002 


0.111 


0.120 
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TABLE 4 
Apparent Emissive Powers (corrected for Conduction Losses) 
E’(obs),, obtained by extrapolation method 
E’(obs)3, obtained by correction method 
E’ (obs) = ${E’ (obs): +E’ (obs) :] 
E’ (cal) = E-Ao(T./T)* 








T E’ (obs); 
(297 .9)°K 0.00 





301. 
313 
331 
355. 
380. 
446. 


0.00216 
0.00795 
0.01578 
0.0231 
0.0311 
0.0454 
0.0568 
0.0660 
0.0743 
0.0814 
0.0881 
1002 
111 
120 
128 
136 
143 
144 
150 
151 
157 
168 
178 
186 
193 168 


607. 
652. 
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769. 
838. 
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961 
1017. 
1071. 
1080. 
1121. 
1132. 
1181. 
1274. 
1360. 
1443. 
1509. 
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107 
119 
118 
121 
135 
.141 
141 
.149 
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In the next table we give values of E(obs) calculated on the assump- 
tion that at all temperatures the ratio of E(obs) to E(cal) is the same 
as the ratio of E’(obs) to E’(cal). This is true at 7) where E and A, are 
identical, and must be very nearly true for values of T near 7p, say, 
up to T =350°K, since in this range E and Ap still represent nearly the 
same quantity. The only uncertainty is in a short range of perhaps 
100 degrees beyond 350°K in which E and A, are distinct quantities, 
and in which it is impossible to say how they share individually in the 
discrepancy between E’(obs) and E’(cal). Even here E is the more 
important of the two quantities by a factor of at least 2 and at most 6. 
Beyond this range the importance of A» decreases rapidly and the 
assumption is again justified. 
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The results given in Table 5 are exhibited graphically in Fig. 5. 
TABLE 5 


Total Thermal Emissive Power of Platinum. 





E(obs) E’(obs) 
E(cal) E’ (cal) 





Ecal) 








0.874 0.0411 
0.861 0.0477 - 
0.860 
0.874 
0.896 
0.921 
0.949 
974 
997 
018 
037 
054 
069 
083 
094 
104 
114 
120 
126 
131 
135 
139 
142 
146 
148 











0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 








DISCUSSION 


The upper part of the curve of E(obs) in Fig. 5 is, we believe, quite 
reliable. That it lies above the curve of E(cal) is due presumably to 
an increase in the resistivity of platinum with frequency of applied 
field. As the temperature is increased shorter and shorter waves become 
important in the radiation, and the resistivity for the corresponding 
frequencies becomes appreciably greater than that for zero frequency 
which has been used in calculating the theoretical curve. Such a varia- 
tion of resistivity with frequency is indicated by the results obtained by 
Hagen and Rubens on the reflecting powers of metals, and is to be’ 
expected on any electron theory of metallic conduction as has been 
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shown by Jeans,’ H. A. Wilson,‘ and others. The emissive power which 
we have found for platinum at 1500°K corresponds to a resistivity which 
is greater than the zero frequency resistivity at this temperature by a 
factor 1.4. 

The lower part of the curve of E(obs) is much less reliable. There 
seems no doubt, however, that the actual emissive powers in this 
range-are less than those calculated from the formula. This is evident 
from the fact that in the range 350°K is 650°K not only the value of 
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E’(obs) but also those of E,”’ are less than those of E’(cal). This means 
that in this range the radiation and conduction losses from filament 2 
are together less than the calculated amount of the radiation loss. 
The values of E(obs) have not, therefore, been made less than those of 
E(cal) through an over estimate of the conduction losses. We must 
conclude then that for a range of frequencies that are of importance in 
the radiation spectra for temperatures from 300°K to 700°K the resis- 


? Phil. Mag., 17, p. 773; 1909. 
‘ Phil. Mag., 20, p. 835; 1910. 
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tivity of platinum is less thanit is for zero frequency. This might 
result from the response to these frequencies of a system of elastically 
constrained charges in either the platinum atom or space lattice. These 
would contribute nothing to the zero frequency conductivity of the 
metal but would contribute at frequencies near the natural frequency 
of the system. The explanation proposed is the same as that used to 
explain selective reflection. And in fact, a selective reflection from 
platinum would be expected at these same frequencies. To test this 
point we have plotted in Fig. 6 the ratio E(obs)/E(cal) against ,, = 
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2883/T, and in the same figure the reflecting power of platinum against 
wave-length as observed by Hagen and Rubens. It will be observed 
that a minimum is exhibited by the first of these curves at \, =7.5y, 
indicating that the natural frequency of the vibrating system cor- 
responds to this wave-length. While no great reliance can be placed 
upon the position of this minimum on account of the uncertainty in 
the values of E(obs) in this range, it is reassuring to find that the curve 
of reflecting powers does, in fact, exhibit a slight maximum at this 
same wave-length. 
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First Lines to Appear in the Absorption Spectra of Metal 
Vapors.—The problem is, to deduce the most stable state or states of 
metal atoms from the order in which their spectrum lines appear as the 
temperature and density of the vapors are gradually raised. Thus with 
the alkali metals the lines of the principal series appear first, showing 
that the (1s) state is the stable state, and that the valence electron re- 
volves normally in an orbit with one azimuthal quantum. Grotrian 
brings evidence that this is true also for Cu and Ag. He had earlier 
shown that with the metals Tl and In the lines of the subordinate series 
appear first, so that the stable state is the 2p state, corresponding to two 
azimuthal quanta. Actually there are two 2 states, and the lines 
corresponding to removal of electrons from the 2/2 or lower-energy 
state appear slightly earlier than the lines corresponding to extraction 
of electrons from the 2, or higher-energy state; as if the atoms in the 
higher-energy state were relatively more frequent, the higher the tem- 
perature. In fact the data agree with the assumption that the num- 
bers of atoms in the two states stand in the ratio exp (— E/kT), where E 
represents the energy-difference between the states. The same result 
is found for Ga in the later paper. With lead the line 2833 is first to 
appear; combining this datum with a great amount of knowledge and 
speculation about the Pb spectrum (which is just beginning to be inter- 
preted) Grotrian concludes that the stable orbit is to be designated by 
the symbol 2/;, and hence is a two-azimuthal-quantum orbit. If so, 
the ionization-potential should be 7.38 volts; Foote & Mohler find 7.9. 
Other Pb lines appear at somewhat higher temperatures than 2833, 
but it is impossible to correlate the temperatures at which they appear 
with the orbits to which they are supposed to correspond without intro- 
ducing ad hoc assumptions. Three faint lines appear in the spectrum of 
Sn at high temperatures, but Grotrian thinks that the truly first lines 
must lie in some inaccessible region. Of Bi, 3067 is the first to appear. 
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The spectra of these two metals are not, however, arranged in known 
series as yet. The recent attempts at arranging the Mn spectrum are 
fortified by Grotrian, who finds that certain lines associated by Catalan 
with the (1s) orbit are the first to appear. The observations on Bi and 
on Pb indicate the presence of polyatomic molecules in the vapors.— 
[W. Grotrian, Astrophysical Observatory, Potsdam; ZS f. Phys. 18, 
pp. 169-182; 1923.] K. K. Dannow 


Photoelectric Conductivity of Cinnabar (HgS)—In previous 
work Gudden and Pohl have developed the technique of studying the 
photo-conductivity of crystals; they clamp the crystal between elec- 
trodes, eonnect a battery and ballistic galvanometer in series between 
the electrodes, and measure the charge passing through the galvanom- 
eter while the crystal is irradiated for a definite time interval 7. If T 
is short enough the charge is proportional to T and to the irradiation, 
and increases towards a saturation limit as the voltage is increased; 
this is the primary effect. For given 7 and intensity of light, it is a 
function of wave length, having a sharp high maximum in the edge of 
the region of high absorption characterizing the substance (which ex- 
tends from short waves down to about 6000 A). This maximum how- 
ever is a characteristic of the curve of current per unit incident 
intensity, not per unit absorbed intensity. The curve of current per unit 
absorbed intensity rises steadily with increasing wave length, and 
beyond the edge of the absorption band is linear. If T is made longer 
a secondary effect is superposed on the primary effect, and soon swamps 
it—the sooner, the higher the applied voltage. Other things being 
equal, a crystal subjected to 100 volts P. D. between its faces exhibits 
the primary effect; subjected to 200 volts, the curve of current versus 
wave length exhibits a double maximum, the new maximum being at 
shorter waves (deeper in the absorption band) than the primary 
maximum; at 7000 volts, the primary maximum disappears under the 
enormously higher secondary maximum, which is now conspicuous 
enough to appear in the curves of current per unit absorbed energy. 
Powdered materials display chiefly the secondary effect; it is inferred 
that the primary effect, which is interpreted as a displacement of freed 
electrons to the frontier of the crystal, is cut down because the elec- 
trons cannot pass the boundaries of the particles. In the range of wave 
lengths beyond the absorption edge, it is probable that each absorbed 
electron liberates an electron in the primary effect; but the evidence 
cannot be made so precise as with diamond or ZnS.—[{B. Gudden & 
R. Pohl, Gottingen; ZS. f. Phys. 18, pp. 199-206; 1923.] 

K. K. Darrow 
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AN ANALYSIS OF THE ARC SPECTRUM OF TITANIUM! 
By C. C. Kress anp Harriet KNuDSEN Kress 
I. INTRODUCTION 


In a previous note? we have presented evidence of the existence of 
series regularities in the arc spectrum of titanium. Groups of lines 
have been found which are linked together with constant wave-number 
differences, and to which, following Catalan* the name multiplet is 
given. In the case of titanium, the multiplets range in complexity 
from six to thirteen lines, depending upon the series system to which 
the groups of lines belong. 

The occurrence of doublet series in the arc spectra of the alkalies, 
of singlet and triplet series in the arc spectra of the alkaline earths, 
and of doublet series again in the arc spectra of the elements of the 
third column of the periodic classification, led Kossel and Sommerfeld‘ 
to the enunciation of the alternation law which states that series 
regularities of even and odd structure alternate across the periodic 
table. This law applies to spark spectra as well as to arc spectra and 
is supplementary to the displacement law which states that the series 
regularities in the spark spectrum of any element resemble in structure 
the series of the arc spectra of the elements of the preceding column. 
That the alternation law is actually valid for all the columns of the 
periodic table has been established by recent work on titanium® and 
zirconium® of column IV; on vanadium’ of column V; on chromium® 
and molybdenum’ of column VI; on manganese’ of column VII; 
and on iron™ of column VIII. 

' Published by permission of the Director, Bureau of Standards. 

* Jour. Wash. Acad. Sci., 13, p. 270; 1923. 

* Phil. Trans. Roy. Soc., London, A 223, p. 146; 1922. 

‘ Verhandl. der Deutsch. Phys. Ges., 2/, p. 240; 1919. 

* Kiess: Jour. Wash. Acad. Sci., 13, p. 270; 1923. 

* Kiess: Popular Astronomy, 3/, p. 647; 1923. 

7 Meggers: Jour. Wash. Acad. Sci., /3, p. 317; 1923. Also, La Porte: Naturwiss., 37, p. 
779; 1923, 

* Gieseler: Ann. der Physik, IV 69, p. 147; 1922. Kiess: Science, 56, p. 666; 1922. Cata- 
lan: Anales Espafi. de Fis. y Quim., 21, p. 84; 1923. 

*Kiess: Bur. Stds. Sci. Pap., 19, p. 113; 1923. Catalén: Anales Espafi. de Fis. y Quim, 
21, p. 213; 1923. 

Catalén: Phil. Trans. Roy. Soc., London, A. 223, p. 127; 1922. 


4 Walters: Jour. Wash. Acad. Sci., 13, p. 243; 1923; also J.O0.S.A.& R.S. 1, 8, p. 245; 
1924. 
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The various empirical formulae’ which have been successfully 
developed to represent the members of a spectral series express the 
wave number of a line as the difference of two terms. Modern theories 
of atomic structure and emission of light have attached a physical 
significance to the “term” of a series formula; that is, it represents 
one of the family of stationary orbits or energy levels which the series 
electron may occupy during the various stages of excitation of the 
atom. To designate such terms, levels, or orbits the symbols S, P, 
D, F, have been employed for singlet systems; the Greek letters 
a, , 5, y, for doublet systems; and the letters s, p, d, f, for triplet 
systems. Obviously, such a notation is not elastic enough to apply to 
series systems in which levels of multiplicities greater than 3 occur. 
A modified notation of Bohr’s employed by Landé,” following a sug- 
gestion of Paschen, designates a term with the symbol mj;. The 
superscript r denotes the multiplicity of the system to which the term 
or level belongs. The type of the level is given by the subscript &, 
and the order number of any term within a polyfold level is given by 
the subscript 7. In the language of the quantum theory, m is the 
total quantum number of a term, while k and j are the azimuthal 
and inner quantum numbers respectively. 

By way of illustration the D, line of sodium which is ordinarily 


designated by the symbols 1¢—2m, is expressed as n{},,—m,,, with 
the new notation. Again, the line 2536.5A of mercury which is an 
inter-system combination ordinarily designated as 1S—2p2, is under 


1 3 
the new scheme, m, , —",,,- 


In the following presentation of the multiplets found in the arc 
spectrum of titanium, the terms will be designated by the symbol 
n,,;- In occasional reference to series terms with the older notation, 
only the small letters s, p, d, f, and g, will be used, both for triplet 
systems and for systems of higher multiplicity, and in the sense that 
they indicate terms with the azimuthal quantum numbers, 1, 2, 3, 4, 
and 5, respectively. 

The wave-length measurements of various investigators in describing 
the arc spectrum of titanium from 2400A in the ultra-violet to approxi- 
mately 7600A in the red are brought together in Kayser’s Handbuch, 
6, which was published in 1912. Since that time there have appeared 


# Fowler: Series in line Spectra, Chaps. IV and V; 1922. 
Konen: Das Leuchten der Gase und Dampfe, p. 71; 1913. 
3 ZS. fiir Physik, 15, p. 190; 1923. 
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measurements by Kiess and Meggers“ describing the arc spectrum 
from 5500A to 9700A, and interferometer measurements by Brown” 
of 118 lines between the limits 4263A and 6261A. The character of 
the spectrum as a function of the temperature of the source has been 
studied by King’® who has given the temperature classification of all 
the arc lines from 3888A to 7364A. King" has also studied the Zeeman 
effect for the titanium spark for approximately the same spectral 
regions. An older investigation by Purvis’* gives the Zeeman effects 
of lines in the spark spectrum between 2800A and 5000A. 


II. OBSERVATIONS 


In addition to the material described above, we have had at our 
disposal a set of photographs of the arc spectrum of titanium extending 
from 2100A in the ultra-violet to 9700A in the infra-red. The spectro- 
grams of the ultra-violet up to wave-length 2900A were made with 
a large type E Hilger quartz spectrograph. These plates have all been 
measured and have yielded many new wave lengths in addition to 
those already published. From 2900A to 4700A the spectrum was 
photographed in the second order of the 20,000- lines per inch concave 
grating. The first order of this grating was used for the region 4700A 
to 6100A. For the region 6100A to 9700A the first order of a concave 
grating ruled with 7500 lines per inch was used. Measurements have 
been made of portions of all these spectrograms to supplement and 
verify the published data. In all instances in which hitherto un- 
published wave-lengths have been used in the spectral regularities which 
follow, the lines in question will be designated by an asterisk(*). 


III. THE SPECTRAL REGULARITIES 


The multiplets presented in the following tables belong either to the 
triplet series system or to the quintet system, or are combinations 
between the two systems. A few lines standing alone in the spectrum 
are suspected of being members of the singlet system. All the lines 
so far classified belong to King’s temperature Classes I, II, and III. 
In arranging the multiplets, the wave-length (expressed in IA) is 
preceded above by a parenthesis giving the intensity and temperature 


“ Bur. Stds. Sci. Papers, 16, p. 51; 1920. 

% Astroph. Journ., 56, p. 53; 1922. 

* Astroph. Jour., 39, p. 139; 1914. 

7 Carnegie Inst. Wash. Publ. No. 153; 1912. 
* Proc. Camb. Phil. Soc., /4, p. 43; 1906. 
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class of the line, and followed below by the wave number in vacuum. 
The constant wave-number differences which characterize the multi- 
plets are in the horizontal and vertical margins marked Av. The in- 
tensities of the lines are taken mainly from Exner and Haschek’s 
tables and for the longer wave-lengths from the work of Kiess and 
Meggers; but where the published data are inadequate the intensities 
are those estimated from the spectrograms described above. Wave- 
lengths expressed to the thousandth of an angstrom are taken from the 
interferometer measurements of Brown. 
IV. THe Tripet System 

The multiplets of the triplet system represent combinations between 
s, p, d, f, and g terms. In all, 31 terms, or sets of levels, have been 
recognized as members of the system and consist of 2 single s terms, 
3 triple p terms, 11 triple d terms, 10 triple f terms, and 4 triple g 
terms. The term with highest frequency, or the lowest level of the 
system is an / level characterized by the wave-number separations 
216.81 and 170.04 and to which the term values mn}, =45050.21, 
Nn. , =45267.02,-n; , =45437.06 have been assigned. The next set of 
levels constitute p terms with the values n), =36834.62, n: 
36944.56, m2, =37000.34 between which, the differences 109.94 and 
55.78 occur. The third set of levels, form another set of f terms with 
values nm, , =33660.16, mi , =33797.20, n~ , =33905.20, separated by 
the differences 137.04 and 108.00. Following these three sets of terms 
come the remaining groups of terms as listed in Table 1. 

The two lowest f levels combine with the other f levels of Table 1 
to form 7-line multiplets of the skew-symmetrical type. In all, 13 such 
multiplets have been found. They are presented in Table 2. 

Landé’s” scheme for calculating the Zeeman effects of the lines 
of a multiplet has been applied to the wave-lengths given in Table 2 
and in similar tables. The results of a comparison of the calculated 
values with those observed by King” or by Purvis™ are given in Table 
2a. The observed Zeeman effects are expressed in terms of the normal 
triplet separation, the » components being enclosed by parentheses, 
the » components following. In case more than one p or m component 
has been observed the more intense is indicated by being printed in 
italics. The third column of Table 2a and similar tables contains 

19 ZS. fiir Physik, /5, p. 190; 1923. 

2° loc. cit. 

* loc. cit. 
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216.81 
(5-LA) (20-1 
5152. 185 5210. 386 
19403. 83 19187. 12 
152.37 
(5-LA) (20-1) (2-IA) 
5147 .487 5192.970 5252.11 
19421. 54 19251. 46 19034. 68 
98. 58 | 
(15-1) (3-IA) 
| $173.744 5219.72 
| 19323.00 19152. 80 
| 
a a (8-IT) (20-11 
3964. 27 3998. 64 
| 25218. 20 25001. 44 
161.18 | 
(8-11) (20-11) (10-11) 
| 3962. 86 3989.77 4024. 57 
| 25227.17 25057 . 06 24840. 40 
119.78 | 
(15-II) (8-II) 
| 3981.77 4008 . 93 
| 25107.39 24937. 28 
(3- ) (15- ) 
3722.57 3752.87 
26855.51 26638. 75 
132.62 
(5- ) (15- ) (4- ) 
3717.39 3741.06 3771.64 
26893 .00 26722. 82 26506. 15 
89.40 | 
| (8- ) (3- ) 
3729.77 3753.63 
26803 . 68 26633. 36 
(‘-) (7- ) 
*2981.43 3000. 87 
33531.17 33314.02 
20.73 
(4- ) (8- ) (6- ) 
2968. 23 2983.29 3002.73 
33680. 35 33510. 27 33293. 38 
24.46 
(6- ) 
2970.38 . 
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TABLE 2—Continued 
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Av 170.04 216.81 
= a Se sical eae eevee ee ee eee 
| (8. ) (6 ) 
2937 .30 2956.13 
34034. 90 33818. 17 
126. 36 
(8- ) (8- ) (10- ) 
2933.53 2948.25 2967 .22 
34078. 64 33908 . 54 33691. 82 
97.95 
(10- ) (10- ) 
2941.99 2956.80 
33980. 66 33810. 52 
(6- ) (7- ) 
2596. 59 2611.30 
| 38500. 48 38283 . 66 
126.50 
(6- ) (8- ) 
2593.66 2605. 18 2619.96 
38543 .96 38374 .02 38157.16 
92.85 
(7- ) (5- ) 
2599 .93 2611.47 
38451.04 38281.17 
(3- ) (5- ) 
*2411.58 2424.27 
| 41454. 04 41236.94 
166. 50 
(3- ) (5- ) (4- ) 
*2411.36 2421.30 *2434.10 
41457.82 41287 .51 41070.47 
120.06 
(5- ) (2- ) 
2418 . 37 *2428 . 36 
41337 .69 41167.51 
(2- ) (3- ) 
*2294.20 *2305 .68 
43574.69 43357 .80 
160.84 
(2- ) (3- ) (2- ) 
*2293.74 *2302.70 *2314.27 
43583 .43 43413 .89 43196 .92 
116.05 
(3- ) (2- ) 
*2299 . 86 *2308 .88 
| 43467.48 43297 .73 
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161,18 
(2- ) 
7299.67 
| 13695.48 
119.78 
(2- ) 
| 7364.11 
13575.63 
132.62 
(1- ) 
6508.15 
| 15361.12 
89.40 | 
(4 ) 
6546. 26 
| 15271.70 
20.73 
|  (4-IVA) 
4513.68 
22148. 69 
24.46 | 
(4-11) 
4518.69 
22124. 14 
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a. calculated \; masked by line of the quintet system. 





126.36 
(S-IIIA) 

| 4433.99 

| 22546.75 

97.95 | 

(8-11) 
4453.31 
22448. 90 


137.04 
(2- ) (3- ) 
*7271.37 7344.69 
13748 .79 13611. 53 
(3- ) 
7357.73 + 
13587 .42 —_— 
(2- ) 
*7423.12 
13467 .72 
(1- ) (3 
6497.71 6556.09 
15385 .80 15248 .78 
(3- ) 
6554.22 — 
15253.13 — 
(4-1 
Sones 4559.94 
snes 21924.01 
(1-ITIA 
4535 . 83° 4564.23 
22040. 52 21903 . 36 
(1-IILA) 
4540.87 
22016.05 
(3-ITIA) (15-11 
4430.37 4457 .427 
22565. 16 22428. 16 
(12-II) (3-111 
4455 .319 4482.69 
22438 .78 22301 . 81 
(3-I11) 
4474.86 


22340. 83 
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TABLE 2—Continued 











Ap 108 .00 137.04 


(1- ) (2- ) 
*3698 .41 *3717.26 
27030. 97 26893 .94 
126.50 

(2- ) 
a *3715.81 — 
— 26904 43 —- 
92.85 
(2- ) (1- ) 
3713.70 3728.66 
26919.71 26811 .66 





not only the type of combination which the tabulated wavelengths 
represent, but also the complete calculated Zeeman pattern, the p 
components being in parentheses followed by the components. 
As in the case of the observed components, the more intense of the 
calculated components are printed in italics. The calculated patterns 
are expressed as fractions which are multiples of some aliquot part of 
the normal triplet separation. For ease in comparison with the ob- 
served values, these fractions (except for the simpler ones) are repeated 
as decimals. 

















° TABLE 2a—Zeeman Effects of ff Multiplets 
Observed Type of Combination 
ALA. | Zeeman Effects | Calculated Zeeman Effects 
6556.09 (0.00), 1.30 | nn’, 
5210. 386 (0.00), 1.26 | @)s 
4559.94 | (0,00), 1.34 —— = (0.00), 1.25 
457.427 | (0.00), 1.26 4 
3998.64 | (0.00), 1.08 | 
3752.87 | (0.00), 1.23 
6497.71 | (0.00), 1.79 an a—n3., 
5152. 185 (0.00), 1.58 
4430.37 (0.00), 1.49 { (0, 2, 4, 6) 9, 11, 13, 15, 17, 19, 21}/12= 
3964.27 (0.00), 1.43 (0.00, 0.17, 0.33, 0.50), 0.75, 0.92, 1.08, 1.25, 
3722.57 (0.00), 0.65 1.42, 1.58, 1.75. 
5252.11 (0.00), 1.55 un? .—nis 
4482.69 (0.00), 1.55 
4024.57 | (0.00), 1.52 | {@, 2, 4, 6) 9, 11, 13, 15, 17, 19, 275/12 


3771.64 | (0.00), 1.56 | 
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TABLE 2a—Continued 








Zeeman effects 


Type of Combination 
Calculated Zeeman effects 





6554.22 
5192.970 
4455. 319 
3989.77 
3741.06 


6508.15 
5147 .487 
3962 . 86 


5219.72 
4474.86 
4008 . 93 
3753.63 


6546.26 
5173.744 
4518.69 
4453.31 
3981.77 
3729.77 





(0.00), 1.16 
(0.00), 1.08 
(0.00), 1.105 
(0.00), 1.08 
(0.00), 1.11 


(0.00), 1.945 
(0.00), 1.90 
(0.00), 1.84 


(0.00), 1.35, 2.18 
(0.00), 1.59 
(0.00), 1.35 
(0.00), 1.66 


(0.00), 0.67 
(0.00), 0.68 
(0.00), 0.67 
(0.00), 0.66 
(0.00), 0.74 


__ (0.00), 0.64 





{ (0, 5, 10) 3, 8, 13, 18, 23}/12 = (0.00, 0.42, 0.83) 
0.25, 0.67, 1.08, 1.50, 1.92. 


nig—Mi 2 
{(0, 5, 10) 3, 8, 13, 18, 23}/12 


ale 
"4,2 —%4,2 


0 
0 = (0.00), 0.67 





The multiplets given in Table 3 result from combinations between 
the two lowest sets of f levels and the four g levels whose term-values 


are given in Table 1. 


In all, six such multiplets have been found. 


TaBLe 3—Multiplets of the fg Type 








170.04 





4681. 909 
21352.83 


(10-1) (2-IIA) 
4667. 585 4715.31 
21418. 37 21201. 58 


(2-IIA) 
4693. 68 
21299.30 
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TABLE 3—Continued 








170.04 





(15- ) 
3653.49 
27363 . 30 


(15- ) (4- ) 
3642.68 3671.66 
27444. 56 _ 27227.92 


(15- ) (3- ) (1- ) 
3635.47 3658.09 3687 . 35 
27498 .97 27328. 82 27112.03 





(8- ) 
3199.91 
31241.90 


EEC 


(8- ) (3- ) 
3192.00 3214.23 
31319. 29 31102 .65 


ee ee eee 


(8- ) (3- ) 
3186.45 3203 . 82 
31373 .83 31203 .78 





(6-) 
2661.88 
37556. 28 


(4 ) (1- ) 
2660.61 2676.06 
37574. 21 37357.20 


(4- ) (2- ) 
2657.18 2669. 23 
37622.70 37452.90 








(7-11) 
6258.099 
15974. 88 


(2-111) 
6303.76 
15859. 17 
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TABLE 








108.00 





19851. 82 


(10-I1) (3-111) 
5036.47 5071.49 
19849 66 19712.63 


(10-II) (2-111) 
5038.41 5066.01 
19842 .02 19733.91 








In table 3a is presented a comparison of the calculated Zeeman effects 
of lines for which King and also Purvis have observed the magnetic 
resolutions. 


TABLE 3a Zeeman Effects of fg Multiplets 








Observed Type of Combination 
Zeeman effects Calculated Zeeman effects 





(0.00), 1.14 ne ig—ni.s 

(0.00), 1.12 

(0.00), 1.14 | 4, 1, 2, 3, 4,) 20, 21, 22, 23, 24, 25, 26, 27, 
(0.00), 1.14 28 }/20= (0.00, 0.05, 0.10, 0.15, 0.20) 1.00, 
(0.00), 1.17 1.05, 1.10, 1.15, 1.20, 1.25, 1.30, 1.35, 1.40. 


(0.73), 1.20 neni, 

(0.67), 1.14 < (4, 8, 12, 16) 9, 13, 17, 21, 25, 29, 33, 37> /20= 

ee (0.20, 0.40, 0.60, 0.80) 0.45, 0.65, 0.85, 1.05, 
1.25, 1.45, 1.65, 1.85. 


(0.00), 1.05 n3ig—ni, 
(0.00), 1.07 4 (0, 2, 4, 6) 57, 59, 61, 63, 65, 67, 69} /60=(0.00, 
(0.00), 1.00 0.03, 0.07, 0.10) 0.95, 0.98, 1.02, 1.05, 1.08, 
(0.00), 1.04 1.12, 1.15 
(0.00), 1.04 


(0.87), 0.89 n3 ,—ni.s 
(0.99), .... 4 (4, 8, 12) 1, 5, 9, 13, 17, 21>/12=(0.33, 0.67, 
1.00) 0.08, 0.42, 0.75, 1.08, 1.42, 1.75 


6261 .097 (0.00), 0.89 n3 o—n3.s 

5038.41 (0.00), 0.84 {@, 1, 2), 7, 8, 9, 10, 11}/12=(0.00, 0.08 
4656. 468 (0.00), 0.85 0.17) 0.58, 0.67, 0.75, 0.83, 0.92. 

3635 . 47 (0.00), 0.80 
3186.45 (0.00), 0.93 
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Table 4 contains 18 multiplets resulting from combinations between 
the two lowest f levels and the d levels whose terms are given in Table 
































1. 
TABLE 4—Mulltiplets of the fd Type 
Ay 170.04 216.81 
(2-LA) (10-1) 
}; — 5009.65 5064 . 656 
— 19955.94 19739.17 
119.97 
(3-IA) (10-1) 
f | 4997.10 5039 .953 
: | 20006. 04 19835 .96 
68.23 
(20-11) 
5014.30 
A 19937.79 
/ (2-111) (8-11) (15-II) 
i 3898.49 3924.52 3958.21 
‘i 25643. 72 25473. 62 25256. 80 
} 204.69 
. (8-11) (15-11) 
3929. 86 3956. 28 
| 25439.02 25269. 12 
121.07 | 
(12-11) 
3948 . 66 
25317.93 
(3- ) (5- ) (5- ) 
P 3637.96 3660.62 3689. 89 
27480. 16 27310. 02 27093 . 37 
62.05 
(3- ) (5- ) 
3646.19 3668.95 
27418 .06 27248 .03 
62.92 
| (4 ) 
3654.58 
27355.14 
(3- ) (?- ) (8- ) 
| 3342.14 3361.22" 3385.93 
; 29912. 36 29742.61 29525. 52 
143.65 
5 (5- ) (10- ) 
| 3358.26 3377.57 
| 29768.81 29598 . 67 
107.39 
(8- ) 
; | 3370.42 


| 29661.45 ___ (a) line masked by spark line. 
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[J-O.S.A. & R.S.1, 8 




















Av 170.04 216.81 
ati (6- ) (9- ) 
— 2631.49 2646.59 
37989 . 88 37773. 20 
182.84 
(6- ) (9- ) 
2632.37 2644.2 
37977 .19 37807 . 04 
124.76 
(8- ) 
2641.05 
37852 .40 
(3- ) (7- 
— 2528.00 2541.95 
— 39544.92 39327 .96 
29.52 
(4- ) (6- ) 
*2519.01 2529.84 
39686. 16 39516. 16 
23.98 
(5- ) 
2520.56 
39661. 77 
(2- ) (4 ) 
— *2368 . 57 *2380.80 
— 42206.74 41989. 81 
107 .08 
(1- ) (3- ) 
*2365 .05 *2374.59 
42269. 54 * 42099. 59 
75.65 
(2- ) 
*2369.29 
42193 .92 
(1- ) (4 ) (6- ) 
*2260.08 *2268.78 *2279.99 
44232.52 44062 . 96 43846. 19 
153.75 
(4- ) (S- ) 
*2267 .98 *2276.70 
44078. 50 43909. 53 
102.74 
(4 ) 
*2273.28 





43975 .76 
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TABLE 4—Continued 






































Av 170.04 216.81 
(5- ) (7- ) 
— *2219.75 *2230.48 
— 45036. 12 44819. 33 
141.94 
(5- ) (6- ) 
| *2218.38 *2226.77 
45063 .92 44894. 18 
97.47 
(7- ) 
*2223.19 
44966. 45 
Ar 108.00 137.04 
(1- ) (5- ) 
} — 7138.92 7209.44 
| — 14003 .97 13866.89 
204.69 
(3- ) (4- ) 
7188.61 7244.82 
13907 .09 13799.17 
121.07 
(4 ) 
7251.74 
{ 13786. 01 
(2- ) 
— — 6366. 38 
— —_ 15703.17 
62.05 
— -  (-) 
., =e 6336.10 
15778. 22 
62.92 
(2- ) 
6318.06 
15823. 29 
(1- ) (2-111) (5-11) 
5439.03 5471.19 5512. 526 
18380. 53 18272. 49 18135. 49 
143.65 
(4-IA) (5-II) 
5481.90 5514. 536 
18236. 79 18128. 85 
107.39 
(5-11) 
5514.350 





1812947 
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TABLE 4—Contiuned 











108.00 








(4-Ill) 
5120.42 
19524. 23 


(1-111) (4-IIT) 
5085 . 33 5113.44 
19658 .95 19550. 88 


19596 .42 





(3- ) 
3795.89 
26336. 86 





(3- 
3578.23 
27938. 81 


(1- ) 
3553.82 
28130.74 


| 
| 
| 
| 
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TaBLe 4—Continued 
98.58 











11978 .50 11879 .92 11727 .55 


(2- ) (2- ) 
8424.42 8494.46 
11867.70 11769.15 


(4- ) 
8468.45 
11805. 30 








(1-IITA) 
commas 4926.17 — 
20392 .69 20294. 11 20141 .79 


20363 .22 20264 .64 


(2-111) 
4915.24 
20339. 24 





In Table 4a are given the calculated and the observed Zeeman effects 


of lines of Table 4. 


TABLE 4a—Zeeman Effects of fd Multiplets 








Observed 
Zeeman effects 


Type of combination 
Calculated Zeeman effects 





5512.526 
5120.42 
5064. 656 
3958.21 
3385.93 


5009. 65 
4926.17 
3924.52 


5514. 536 
5113.44 
5039. 953 
3956. 28 
3377.57 


5481.90 
4997.10 
3929 . 86 


5514.350 
3948.66 


(0.00), 1.17 
(0.00), 1.04 


| 

| 

| 

| ni, — n,3,3 
| 1(0, 1, 2, 3) 12, 13, 14, 15, 16, 17, 18}/12= 
(0.00), 1.13 | 0.00, 0.08, 0.17, 0.25), 1.00, 1.08, 1.17, 1.2%, 
(0.00), 1.15 | 1.33, 1.42, 1.50. 

(0.00), 1.23 


(0.70), .... niis- 


(0.00), 1.31 | 43, 6, 9 7, 10, 13, 16, 19, 22}/12=(0.25, 0.50, 
(0.66), 1.19 0.75), 0.58, 0.83, 1.08, 1.33, 1.58, 1.83. 


(0.00), 0.96 | w35—n3.¢ 

(0.00), 1.04 {(0, 1, 2), 11, 12, 13, 14, 15}/12= (0.00, 0.08, 
(0.00), 0.99 0.17), 0.92, 1.00, 1.08, 1.17, 1.25 

(0.00), 0.91 

(0.00), 1.07 


3 

"4,2 

{ (3, th 4, 7, 10}/6=(0.50, 1.00) 0.17, 0.67, 
1.17, 1.67. 


(0.00), 0.75 ni g—n3 
(0.00), 0.75 161) 3, ‘t. "5$/6=(0.00, 0.17), 0.50, 0.67, 0.83. 
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In Table 5 are given 9 multiplets which are combinations between 
the lowest p level and the same d levels that entered into combination 


with the two lowest f levels. 
TABLE 5—Mudtiplets of the pd Type 








55.78 
(5- ) 
8675.31 
11523.78 





(4 ) (3- 
8682.92 *8766.59 
11513.71 11403. 82 


(3- ) 
8734. 67 
11445.50 





(7-11 
5866. 451 
17041. 38 


(6-II) (1-TILA 
5899. 292 5937.79 
16946. 51 16836. 63 


(3-II) 
5941.73 
16825. 47 


(4-IIl 
5295.78 
18877 . 69 





(2-ILIA) 
5282.38 
18925. 59 


(2-IIIA) 
5284.39 
18912. 39 
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TaBLeE 5—Continued 








55.78 





(5-II) 
4691. 334 
21309 .97 
143.65 

(5-11) (3-IIT) 
4698 . 763 4723.17 
21276.28 21166. 30 


(5-111) (4-III) (1-IILA) 
4710. 187 4722 .603 4747.28 
21224. 66 21168. 86 21058. 84 





(6-IIIA) 
4404.276 
22698 . 85 


(4-ITLA) (3-IILA) 
4404.40 4425.83 
22698 . 22 22588. 30 


(4-ILLA) (4-IIT) 

4405.70 4416.54 —— 
22691. 53 22635 . 80 —— 
(2- ) 
3776.05 
26475.20 





(2- ) (2- ) 
3766.46 3782.14 
26542. 59 26432 .58 


(2- ) 
3769.76 
26519. 36 











(6- ) 
3382.30 
29557 . 20 


(3- ) (3- ) 
3390. 67 3403 . 36 
29484. 26 29374. 35 


(4 ) 
3405 . 08 
29359. 52 
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55.78 





(3- ) 
3201.59 
31225.50 


(4- ) 
3204.8 
31193. 56 


(4- ) 
3207 . 33 
31169. 64 





(3- ) 
2812.94 
35539. 51 


(6- ) 
3213.14 
31113. 20 


(1- ) 
3216.20 
31083 . 61 





(5- 
2809.12 
35587 . 82 


) 


(3- ) 
2817. 37 
35483 .64 





2805S . 67 
35631 . 69 


(3- 
2817.83 


The comparison of the observed with the calculated Zeeman effect 


is given in Table 5a. 


TABLE 5a—Zeeman Effects of pd Multiplets 








ALA. 


Observed 
Zeeman effect 


Type of Combination 
Calculated Zeeman effects 





5866. 451 
5295.78 
4691. 334 
4404 .276 
3776.19 


5899 . 292 


5937.79 


5922. 109 
4710.187 
3761.86 


5941.73 
4722.603 





(0.00), 1.22 
(0.00), 1.25 
(0.00), 1.25 
(0.00), 1.32 
(0.00), 1.50 


(0.00), 1.18 


(0.40), 1.49 


(0.00), 0.56 
(0.00), 0.52, 1.37 
(0.00), 1.45 


(0.97), 0.52, 1.60 
(1.09), 0.63, 1.56 


3 3 
"2,2—"3,3 


1.00, 1.17, 1.33, 1.50, 1.67. 





m3,1 —n3,2 
4 (0, 2), 5, 7,9 


3 3 
%o,2—%3, 


{(0, 1, 2) 6, 7, 8, 9, 10}/6=(0.00, 0.17, 0.33 


6= (0.00, 0.33), 0.83, 1.17, 1.50. 


2 
4 (2, 4) 5, 7, 9, 11?/6=(0.33, 0.67) 0.83, 1.17, 


1.50, 1.83. 


= (1.00) 0.50, 1.50 
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The p-level characterized by the separations 109.94 and 55.78 
combines with similar p-levels to form 6-line multiplets of the type 
n°, j=2,1,0—% j=2,1,0. Three such groups, given in Table 6, have 
been recognized. 


TABLE 6—Mulltiplets of the pp Type 








55.78 109.94 





(3-IILA) (1-IILA) 
4288.13 4308.49 
23313 .39 23203 . 47 


(1-ITTA) (2-IITA) 
4302.97 4323.44 
23233.23 23123.26 


(1-ITIA) 
4310.36 
23193 .41 
(4-IIT) (6-II1) 
4060.27 4078.47 
24621.99 24512.09 





(4-I1D (4-II1) (4-II1) 


4055 .02 4064.22 4082.46 
24653 .85 24598 .07 24488. 14 


(4-IIT) 
4065.11 
24592 . 68 





(4 ) (7-) 

3467 .27 3480.53 

28832 .90 28723 .09 

(3- ) (3- ) (4- ) 
3478.92 3485.69 3499.10 
28736. 38 28680. 58 28570. 61 


(4- ) 
3495.73 
28598. 14 








All the lines of a pp multiplet of the triplet system show the same 
type of resolution in the magnetic field, namely Sd a, where a is the 
normal triplet separation. Zeeman effects have been measured by 


King for all the members of the second multiplet of the above table 
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and also for the line 4323.44A and are in complete accord with the 
resolutions required by theory. 

The lowest p level (separations 109.94, 55.78) combines with at least 
two s levels to yield the triplets given in Table 7. 


TABLE 7 








Int. 
4 eT Temp. 
Class 





6126.21 | (SII) | 16318.80 
6085.22 | (411) | 16428.72 | '%-% 
6064.65 (4-11) 16484.43 55.71 


3725.12 | (4 ) | 26836.92 | 199 99 
3709.95 | (4 ) | 2606.91 | <2, 
3702.29 | (3-_) | 27002.65 














These two triplets are regarded as consecutive members of a sharp 
series. Rydberg’s formula applied to the first lines of each triplet 
becomes 

109678.3 
(m+0.31215)?’ 
and therefore the term values of the p-level are 36834.62, 36944.56, 
and 37000.34 respectively. It is from these values that all the other 
terms given in this paper have been calculated. 

A comparison of the observed with the calculated Zeeman effects of 
lines given above is given in Table 7a. 


v= 36834 .62— 


TaBLe 7a—Zceman Effect of ps Triplets 








Observed Type of Combination 
ALA. Zeeman effect | Calculated Zeeman effects 


| 





6126.21 (0.00), 1.18 n3.—n?,, 
3725.12 | (0.00), 1.18 { (0,1)2,3,4}/2=(0.00,0. 50)1.00,1. 50,2.00 


6085.22 | (0.52), 1.69 n3_,—n3,,; (1)3,4/2= (0.50) 1.50,2.00 





6064 . 65 (0.00), 1.97 n3ig—n?,; (0) 2 





V. THE QUINTET SYSTEM 


The multiplets of the quintet system result from combinations be- 
tween various five-fold d, f, and g, terms and from combinations 
between single s and triple p terms, and triple p terms with quintuple 
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dterms. As in the triplet system the lowest level found is an / level 
with the term values mn? , =38594.23, n° , =38694.44, n{_, =38776.17, 
n® , = 38838.42, and m{_, = 38880.43, between which the separations 

" 400.21, 81.73, 62.25, and 42.01 occur. Combinations have been found 
between these terms and the quintuple terms listed in Table 8 to give 
the four multiplets listed in Table 9. 


TABLE 8—Terms in the Quintet System 








g-——terms 


d—terms 





| 18526.54 
| 437.67 
18664. 21 
115.58 
18779.79 
93.02 
18872.81 
70.09 


n>, | 18942.90 


16541. 11 
107.77 
16648 . 88 
85.58 
16734.46 
63.85 
16798 . 31 
42.29 


5 | 
"4,2 


5 | 
"4,1 


16840 . 60 














| *3.0 


26741 .98 
101.18 


26843 . 16 
68.96 


26912.12 
42.14 


26954 . 26 
20.22 


26974. 48 





15376. 87 
74.10 


15450.97 
78.94 


15529.91 
52.05 


15581.96 
26.14 


15608. 10 





TABLE 9—Mulliplets of the Quintet System of the Types fg, ff, and fd 








Ay 


137.67 


| 
_ 
| 
| 


(20—I1) 
5014. 283 
19937. 52 


42.01 


62.25 


81.73 


100.21 





(20—II) 
5007 .211 
19965 . 66 


(1 —II) 
5024.831 
19895 .63 


(20—L1) 
4999 . 502 
19996. 44 


(10—I1) 
5022. 864 
19903 . 43 


(1—-IITA) 
5040.63 
19833 .28 


(20—I1) 
4991 .065 
20030. 21 


(10—II) 
5020.023 
19914. 68 


(2—IIIA) 
5043.59 
19821. 65 


(20—II) 
4981.734 
20067 .71 


(10—II) 
5016. 165 
19930. 04 


(2—IIIA) 
5045.43 
19814. 42 
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TABLE 9—Continued 








62.25 





(15—IT) 
4527. 305 
22081. 98 


(15—I1) 
4536.00 
22039. 68 


(iS—II) 
4522.797 
22104. 04 


(15—II) 
4535.92 
22040. 07 


(10—II) 
4544 . 689 
21997.55 








(S— ) 
8353.11 
11968. 31 


(8— ) 
8382.61 
11926.19 


G= ) 
8396.85 
11905.97 


(4— ) 
8334.37 
11995. 23 


(8— ) 
8382.61 
11926.19 


(7— ) 
8412.34 
11884.04 


(15—II) 
4518.024 
22127 .42 


(15—I) 
4535.58 
22041.72 


(8—ID 
4548 . 767 
21977 .83 


8307 .45 
12034.09 


(7J— ) 
8377 .83 
11932.99 


(7J— ) 
8426.46 
11864. 13 


(2— ) 


(15—II) 
4512.734 
22153.35 


(15—II) 
4534.78 
22045. 62 


(10—IT) 
4552.454 
21960 .06 


(9— ) 
8364.18 
11952.47 


(6— ) 
8435.65 
11851. 21 


4533.25 
22053. 05 


(10—II) 
4555 .485 
21945. 42 


(6— 
8434.84 
11852. 34 
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TABLE 9—Continucd 





62.25 81.73 














(3—TITA) (10—II) (20—II) 
4272.44 4287 .406 4305 .910 
23399. 26 23317. 58 23217. 37 


(15—III) (10—II) (15—II) 
4274.585 4286 .006 4301.08 
23387 .49 23325. 21 23243 .43 


(3—II1) (15—II) (15—II) 
4281.37 4289 .072 4300.56 
23350. 46 23308 . 56 23246. 24 


(10—IT) (12—II) 
4290 .932 4298 . 666 
23298 . 46 23256. 46 


(10—TIT) 
4295.751 
23272. 32 











TABLE 9a—Zeeman Effects of fg, ff, and fd Multiplets 








Observed Type of 
Zeeman effects | Combination | Calculated Zeeman effects 





(0.00), 1.21 | n3.,—n3, {(0,1,2,3,4,5) 15,1617 .. . 25$/15= 
(0.00,0.07, . . . 0.33) 1.00,1.07, 
as oe 
(0.53), 1. iF ‘6. ... Si mae... m.. 
. 29}/15=(0.13 . . . 0.53,0.67) 0.73, 
. 1.27,1.40, . . . 1.93 
(0.00), 1.15 | ks {(0,5,10,15,20) 56,61,66 . . . 96}/60 
=(0.00, . . . 0.33) 0.90,1.02, . . 
1.60 
(0.69), 1.26 | So { (4,8,12,16)11,15, . . . 23,27, . . 39} 
/20= (0.20 . . .0,60,0,80)0.55, . . . 
1.15,1.35,... 1.95 
(0.00), {(0,2,4,6,) 17,19, . . . 29}/20=(0.00, 
0. 10,0.20,0.30) 0.85,0.95,1.05, . . . 
| 1.45 
(0.92), 1.15 5 si | {(4,8,12) 3,7,11,15,19,23}/12= (0. 33, 
0.67,1.00) 0.25,0.58,0.92,1.25,1.58, 
| 1.92 
(0.00), 0.85 | ' {(0,1,2,) 9,10,11,12,13}/12=(0.00, 
0.08,0.17) 0.75,0.83,0.92,1.00,1.08 
(0.67, 1.35) | . 2 | 4(2,4)1,3,5}/3=(0.67,1.33) 0.33,1.00 
033, 1.03, 1.69) | 1.67 
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TABLE 9a—Conlinued 








Observed 
Zeeman effects 


Type of 
Combination 


Calculated Zeeman effects 





4533.25 


4512.734 
4555 .485 


4534.78 


4518 .024 
4552.454 


4535.58 


4522.797 
4548 . 767 


4535.92 
4527 . 305 


4544 689 


4536.00 


(0.00), 


(0.00), 
(0.00), 


(0.00), 


(0.00), 
(0.00), 


(0.00), 


(0.00), 
(0.00), 


(0.00), 


(0.00,1 .00) 
0.00,1.00, 
2.02 
(0.00,1.02), 
0.00,1.02, 
2.02 
Unaffected 


(0)7 : 
ey =(0.00),1.40 


{(0,1,2,3,4) 24,25, . . . 31,32}/20= 
(0.00, .. . 0.20) 1.20, .. . 1.55,1.6 


(0)27 
70 = (0.00), 1.35 


{(0,2,4,6) 21,23,25,27,29,31,33 } /20= 
(0.00,0. 10,0. 20,0. 30)1.05, . . . 1.55, 
1.65 
0)5 
P= (0.00),1.25 

{(0,1,2) 3,4,5,6,7 }/4=(0.00,0. 25,0. 50 
0.75.1.00,1.25,1.50,1.75 
(0) 1 


(0,1) 0,1,2 


(0) 0 





4305 .910 


4287 .406 


4272.44 
4301 .08 


4286 .006 
4274. 585 
4300. 56 

4289 .072 


4281.37 


4298 . 666 


4290 .932 


4295 .751 





(0.00), 1.24 


(0.50), 1.43 


(0.00), 1.25 
(0.00), 1.18 


(0.57), 1.36 
(0.00), 0.98 
(0.00), 0.90 


(0.47,0.98) 
0.49,1.04, 
1.50, 1.99 
(0.00,1.52) 
0.00,1.49, 
3.04 

(0.00, 0.49), 
0.49,0.99 
(1.51),0.00, 
1.50 
Unaffected 














{ (0,1,2,3,4) 10,11,12,13,14,15,16,17, 
18}/10 

{ (3,6,9,12) 18,21... 27,30 ... 39} /20= 
(0.15 . . . 0.45,0.60)0.90 . . . 1.35 
1.50. ..1.95 

{ (0,1,2,3) 3,4,5,6,7,8,9}/4 


{ (0,3,6,9) 18 ,21,24,27,30,33,36 »/20= 
(0.00, . . .0.45)0.90,1.05, 1.20... . 1.80 

{ (1,2,3)3,4,5,6,7,8 }/4 

{ (0,1,2,) 1,2,3,4,5 }/2 

{ (0,1,2) 3,4,5,6,7 }/4 


{ (1,2,)1,2,3,4}/2 
{(0,3) 0,3,6}/2 


{ (0,1)1,2,3, }/2 
{ (3) 0,3}/2 


(0) 0 
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Multiplets which represent combinations between a three-fold p 
level and a single s and a five-fold d level of the quintet system are 
given in Table 10. As yet no combinations have been found between 
these levels and the quintet system levels presented above. However, 
the Zeeman effects observed by King for the lines of these multiplets 
agree very closely with those calculated for them on the basis of Landé’s 
scheme, as shown in Table 10a. 


TABLE 10—Quintet System Multiplets of the Types ps, pp, pd. 








46.69 77.21 





(1- ) (1- ) (1- ) 
8989.40 9027 .28 9090 . 68 
11121. 16 11074.49 10997 .27 





(5-IIT) (8-IIT) 
4465 . 807 4481.259 
22386. 09 22308 .93 


(5-III) (4-ITIA) (10-IIT) 
4471.239 4480.61 4496. 146 
22358 .91 22312.17 22235.02 


(4-IIT) (6-II1) 
4479.70 4489 089 
22316.70 22269 .98 





(10-IT) 
4617.270 
21651.77 


(10-IIT) (3-ITT) 
4623 .098 4639. 66 
21624.48 21547.26 


(8-III) (5-IIT) (2-III) 
4629. 337 4639. 36 4656.06 
21595. 33 21548.71 21471.39 


(4-IIT) (3-III) 
4639.94 4650.016 
21545 .97 21499. 28 


(5-ITI) 
4645. 194 
21521.63 











TABLE 10a—Zeeman Effects of pp 
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and pd Multiplets 








ALA. 


Zeeman effects 


Observed 


Type of 
Combination 


Calculated Zeeman effects 





4481. 259 


4465 . 807 
4496. 146 


4480.61 


4471.239 
4489 089 


4479.70 


(0.00), 1.70 


(0.00), 1.51 
(0.00), 1.52 


(0.00), 1.90 


(0.00,0.72) 
1.14,1.92, 
2.58 

(0.00), 2.58 


ee 


(0)5 
> = (0.00), 1.67 


{ (0,1,2,)8,9,10,11,12 }/6= (0.00, 0.17 
0.33),1.33,1.50,1.67,1.83,2.00 


(0)11 
6 = (0.00), 1.83 


{ (0,4)7,11,15, }/6= (0.000. 67) 1.17, 
1.83,2.50 


(0)5 
_ = (0.00), 2.50 





4617.270 


4639.66 





(0.00), 


(0.00), 





(0.00), 1.11 | 
(0.65), 1.77 | 


(0.00, 1.03), 


0.50, 1.56, 2.55) 
(0.00), 2.12 | 


(1.02), 1.55, | 
2.51 
(0.00), 2.55 | 





{ (0,1,2,3)6,7 .. . 12}/6=(0.00 . . 
0.50) 1.00,1.17... 2.00 

{ (1,2,3), 7,8,9,10,11,12}/6=(0.17. . 
. 0.50) 1.17,1.33.1.50,1.67,1.83, 
2.00 

{ (0,2,4)5,7,9,11,13 } /6=(0.00,0. 33, 
0.67)0.83,1.17,1. 50. 1,83,2.17 

{ (2,4),7,9,11,13 }/6= (0. 33,0. 67), 
1.17,1.50,1.83,2.17 

{ (0,2)1,3,5}/2 


{ (0,2)9,11,13 }/6=(0.00,0. 33) 1.50, 
1.83, 2.17 
{ (2),3,5,}/2 


(Os 
2 





VI. 


THE INTER-SYSTEM COMBINATIONS 


Multiplets have been found which represent combinations between 
various levels of the triplet and quintet systems. They are practically 
all composed of faint lines, and in cases where temperature classifi- 
cation has been made, it is seen that almost all the lines are weakened 
in the arc as compared with the furnace, that is, they belong to those 
classes distinguished by King with the suffix A. In none of the multi- 
plets of this type is there a complete representation of all the lines 
permitted by the selection principles for azimuthal and inner quantum 


numbers. 


The lowest f levels of the triplet system combine with d and / levels 
of the quintet system to form the multiplets given in Table 11. Wave 
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numbers in italics belong to lines which are too faint to be observed, 
but which are permitted by the principle of selection. The Zeeman 
effect has not been observed for any of the lines of these multiplets. 


TaBLe 11—Combinations Between Triplet f and Quintet d and f Levels 


170.04 


216.81 


18525 .05 
101.18 
(2-IA) 
---- 5426.27 — 
1859381 18423.77 18206 .96 


(1-LA) (2-ILA) 
5396. 58 5446.67 
18525. 11 18354.76 


(1- ) 
*5408 .95 


(1- ) 
— 3369.15 
29889 .43 29672. 62 


(4- ) 
----- 3352.92 — 
29986 .26 29816.22 2959941 


(2- ) (5- ) 
3342.70 3361.82 
29907 . 35 29737 . 30 


(2- ) 
*3348.51 
29855 .47 
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TABLE 11—Continued 
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170.04 





(1- ) 
3483.00 
28702. 64 


(4- ) 
3493.27 
28618. 28 


(1- ) 
3503.76 
28532 .54 


(1- ) 
3511.61 
28468 86 


(3- ) 
3506.65 
28509. 12 


(1 
3519.98 
28401. 1% 


(2 
3530. 58 
28315. 86 











18375 .33 


18323 .28 


(2-ILIA) 
5449.19 
18346. 27 


(1-IITA) 
5472.71 
18267 .41 


18283 . 33 


(3-11) 
5490.16 
18209. 70 





The lowest / level of the quintet system combines with two d levels 
and with one g level of the triplet system to form the multiplets of 
Table 12. As before, wave numbers printed in italics belong to lines, 
which, though permitted, are too faint to be observed. 
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TABLE 12—Combinations Between Quintet f and Triplet d and g Levels 
Ay 42.01 62.25 81.73 











(2-TILA) (4-III) (5-11) 
4288.18 4299.64 4314.80 
23313. 39 23251.22 23169.55 


(1-ITIA) (5-II) (4-II) 
4306 .94 4314.80 4326 .35 
23211.82 23169. 55 23107.71 
107.39 
(1-ITIA) (2-ITIA) 
4326.98 4334. 86 
23104. 34 23062 . 36 





18982 .64 
204.69 


18882 .21 18840 .20 18777 .95 
121.07 


18761. 14 18719. 13 











(1-IIIA) (2-ILTA) 
4758.92 4781.73 
21007 . 30 20907 . 12 


(1-IIIA) (1- ) 
4771.11 *4789.79 a 
20953 . 64 2087 1.90 20771 .69 





20900 . 10 20837 .85 20756 .12 





The Zeeman effects observed for lines of Table 12 are compared with 
calculated values as in Table 12a: 


TABLE 12a—Zeeman Effects of Inter-System Multiplet 


Observed 


Type of Zeeman Calculated Zeeman effects 
combination effects 











4314.80 (0.00), 1.42 | {(@,1,2,3) 78,79,...84}/60= 

(0.00, 0.016, . . . ) 1.30,.. . 1.40 

4299. 64 s : (0.00), 1.20 | {(1, 2, 3) 13, 14, 15, 16, 17, 18}/12= 
(0.08, . . .0.25) 1.08, 1.17, 1.25, 1.33, 1.41, 

1.50 

4326.35 5 3 (0.00), 1.35 | {(,1, 2) 13, 14, 15, 16, 17}/12= 

(0.00, 0.08, 0.17) 1.08, . . . 1.33, 1.41 
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The following multiplet (Table 13) results from a combination of 
the lowest p-level of the triplet system with a d-level of the quintet 
system, lines permitted but not observed having their wave numbers 
in italics. 


TABLE 13—Combination Between Triplet p and Quintet d Levels 








55.78 109.94 





(3-111) 
4675.12 


(1-IV) 
4668 . 37 
21414.79 


21418 52 21362 .74 21252 .80 





26.14 


21336 .60 


For the line 4675.12A, v=n,,—m,,, the calculated Zeeman effect 


is 4 while that observed by King is (0.00), 1.45. 


VII. MISCELLANEOUS REGULARITIES 


In addition to the lines whose origins have been definitely established, 
the survey of the spectrum has revealed many pairs and triplets be- 
tween which occur wave number separations characteristic of the various 
sets of energy levels. No doubt many of these will prove to be simply 
numerical coincidences. Some of them which appear to be real are 
given below. 

Two groups, each consisting of three pairs of lines, appear to be 
inter-combinations between the triplet and the singlet systems. D 
terms combining with triplet f and p terms would give related pairs 
of lines such as those listed in Table /4. 
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TABLE 14—Probable Combinations Between Singlet and Triplet Systems 








Int. Suggested 
Temp. type of Nn 


r 
‘ee ki 
Class combination 





3947.75 10-II 25323.77 ‘ , - 45267 .02 
3921.42 | 5-H 25493 .76 ' : ; F 33797 .20 





7216.19 | 3- | 13853.91 
*7160.33 | 2- | 13962.00 





5918.57 16891. 29 
5880.32 17001. 16 


= 





~ © 
| 
= 


= 
eOKeor | wOewor 





*2468.35 | 3- 40500.75 
"2458.04 | 2- 40670. 58 


= = 
wee | wmonw 


» @ 
| 
= 


= 
| 
= 


3443.64 29030. 78 
29138.78 | 108.00 


= 
wre 
» @ 
= 
wee 


x 
| 
= 


3117.45 | 3- 32068. 24 


3106.80 | 5- 32178.14 | 109-90 











2 2 
wo tow eo 
~ & 





However, the suggested origin of the first group of lines is rendered 
doubtful by the disagreement of the Zeeman effects as observed by 
King for some of the lines with those calculated according to Landé. 
Assuming that the lines 3947.75 and 3921.42 arise from transitions 
between a singlet D term and triplet f terms, the calculated magnetic 
resolutions should be {(0, 1, 2,) 11, 12, 13, 14, 15}/12=(0.00, 0.08, 
0.17) 0.92, 1.00, 1.08, 1.17, 1.25 and {(1, 2) 1, 2, 3, 4}/3 respectively, 
whereas the observed patterns of the two lines are (0.00), 0.39 and 
(?) 0.00, 0.80, 1.72, 2.68 respectively. For the lines 5918.57 and 
5880.32 the comparison between the observed and calculated Zeeman 
effects (on the supposition that they originate from transitions between 
D and p terms) is in somewhat better agreement. The calculated 
Zeeman patterns are {(1, 2) 1, 2, 3, 4}/2 and {(0, 1) 1, 2, 3}/2 
respectively, while the observed magnetic resolutions are (0.00), 
1.57 and (0.00) 1.50. 

Two other pairs of lines which result from a combination with an 
unidentified term of value 20334.46 with the terms m;, and ni, 
(see Table 14) are given in Table 15. 
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Tasie 15 


ALA. Int. Temp. Class | v 








3082.54 5-II 25102. 54 10.92 


13463.08 
13571.08 108.00 


4009. 68 +11 | 24932.62 








7366.58 1 





Other pairs and triplets which are unclassified are brought together 


in Table 16. 
TABLE 16 








ALA. Int. Temp. class v 





8598.18 2- 11627.17 
8548 . 06 5- 11695.35 


5996.01 16673.17 
5953.16 16793.15 


4453.70 22446. 94 
4430.03 22566. 89 


4856.01 20587 . 32 
4805 . 42 20804 . 03 


3934.23 25410. 76 
3900.96 25627 .49 


5739.50 17418.29 
5715.17 17492.46 
5689.51 17571. 36 


5246.57 19054. 77 
5224.95 19133 .63 


5238.58 19083 . 86 
5224.30 41 19136.01 


4299.24 4-II 23253. 38 
4284.99 4II 23330.74 
4276.44 +I 23377 .37 


4263.13 $-III 23450. 34 
4249.13 3-ITI 23527 . 64 














VIII. Discussion 


Approximately 400 lines of the arc spectrum of titanium, that is, 
the spectrum of the neutral atom, have been classified as belonging to 
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the triplet and quintet series systems. In each system, the lowest 
level is an f level, that is, a level for which the azimuthal quantum 
number is 4. Above the f levels in each system come other d, f, and g 
levels which combine with the lowest levels, and also p and s levels. 
The multiplets represent the combinations which occur between the 
various levels in accordance with the selection principles for azimuthal 
and inner quantum numbers. Fig. 1 illustrates the array of levels 
plotted in order of term-value. Each set of levels regardless of its 
multiplicity is represented by a single line, a double-pointed arrow 
connecting the levels between which combinations have been found. 

The prominent low-temperature lines of the spectrum which King 
has assigned to Class I are all with one exception, members of ff and 
fg multiplets of the triplet system. Of these, the three lines at wave- 
lengths 5210.39A, 5192.97A and 5173.74A (which result from transi- 
tions between the lowest f level and the f level with separations 152.37 
and 98.58) constitute the resonance lines of the spectrum, since the 
transitions between the two lowest f levels do not occur. An excitation 
stage of the atom corresponding to a resonance potential of Ve= 

1.234 
0.521039 
the singlet system is found to lie lower in the atom than the principal 
f level of the triplet system, then the ionization potential should be 
V,=1.234Xn{ | X10 =5.61 volts. 

Prominent among the lines of temperature class II are those at 
wave lengths 4981.73A, 4991.06A, 4999.50A, 5007.21A, and 5014.28A. 
According to de Gramont™ these lines constitute the raies ultimes 
of titanium. They are members of an fg multiplet of the quintet 
system and arise from the transitions 7,,; to j7,, where m assumes the 
successive values, 5, 4, 3, 2, 1. For all elements for which series rela- 
tionships have been established de Gramont® has pointed out that the 
raies ullimes are the resonance lines of the spectrum. Accordingly, 
we should expect that the resonance lines of titanium should likewise 
be the most sensitive lines. However, in a study of the persistance of 
the lines of titanium as its quantity in an alloy is diminished de Gram- 
ont™ has found that the group of lines 4981.73A to 5014.28A remains 
visible when. titanium is diluted to 0.005% in fused Naz CO;, whereas 
the lines 5173.74A, 5192.97A, 5210.39A are present only with certainty 

® Compt. Rend., 171, p. 1106; 1920. 


™ Compt. Rend. 175, p. 1027; 1922. 
™* Compt. Rend., 166, p. 94; 1918. 


= 2.37 volts is represented by this transition. If no level of 
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when titanium is diluted to 0.1% in the fused salt. It is of interest to 
note for comparison that the raies ultimes of vanadium have been 
shown by Meggers* to belong to an fg multiplet of the quartet system. 

In structure, the multiplets of titanium follow closely the selection 
principles for azimuthal and inner quantum numbers and the intensity 
rule.* All the classified lines result from combinations between terms 
whose azimuthal quantum numbers k differ by 1 or 0. It is of interest 
to note that of the combinations occurring between terms with the 
same value of k only those have been observed for which & is an even 
‘number, namely pp combinations, (k = 2), and f f combinations, (k = 4). 
Although combinations of the type ss, (k=1), and dd, (k=3) would 
give lines situated in the spectral regions ordinarily observed, yet none 
have been found. The number of lines resulting from a combination 
of two polyfold terms is limited by the restriction that the inner 
quantum numbers may change by 0 or 1, the transition 0 to 0 being 
prohibited. No exception to this rule has been found among the 
titanium lines. In intensity the lines follow the rule that those are 
strongest for which the change in inner quantum numbers corresponds 
to the change in the azimuthal quantum numbers. An exception to 
this rule occurs in the pp multiplet of the quintet system. 

The Zeeman effects observed by King and also by Purvis are in 
good agreement with the magnetic resolutions calculated on the basis 
of Landé’s theory. The comparison between observation and calcu- 
lation has been made somewhat detailed so as to afford as complete a 
test of the theory as possible. A similar and satisfactory test is that 
made by Back” for the multiplets of manganese as given by Catalan.”* 

The departures of the observed patterns from those calculated 
usually occur for lines of which the change in inner quantum numbers 
is of the typej. toj,. For such lines the calculated patterns are usually 
complex, consisting of several components of different intensities. 
If such a pattern is not observed completely resolved, then the observed 
type of resolution usually agrees with the mean value given by the 
more intense components of the calculated pattern. For the simpler 
patterns of resolution of lines which represent transitions of the type 
jz to jz the agreement between observed and calculated Zeeman 
effects is practically perfect. 


* Jour. Wash. Acad. Sci., 13, p. 324; 1923. 

* Sommerfeld: Atombau, 3rd Ed., Chap. 6; 1922. 

27 ZS. fiir Physik, 15, p. 206; 1923. 

8 Phil. Trans. Roy. Soc., London, A223, p. 127; 1922. 
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Landé’s* interval rule governing the wave-number separation of 
the successive terms of a polyfold level is stated only as a first approxi- 
mation to the truth. For multiplets of odd multiplicity, the rule js: 


(meo—M1) > (Mei—nM 2) : (Ma—mis):. 2. =122:3:... 
Among the terms which have been found for titanium are separations 


which conform closely to the rule, while others depart from it in marked 


fashion. As examples, we may cite the following from the triplet 
system: 


k=5, 151.3 : 119.0=5 : 3.9, Calculated, 5 : 4 
135.4 : 115.8=5 : 4.3, 
139.2 : 115.6=5 : 4.5, 

k=4, 216.8 : 170.0=4 : 3.1, Calculated, 4 : 3 
137.0 : 108.0=4 : 3.1, 
161.2 : 119.8=4 : 2.9, 
20.7 : 24.5=4 : 4.7, 

k=3, 120.0 : 68.2=3 : 1.7, Calculated, 3 : 2 
204.7 : 121.1=3 : 1.8, 
62.0: 62.9=3 : 3 
143.6 : 107.4=3 : 2.2, 
42.6: 23.2=3 : 1.6, 

k=2, 109.9: 55.8@2:1, Calculated, 2 : 1 
23.9: 5.4=2:0.5, 


As examples from the quintet system we may cite the following: 
k=5, 137.7 : 115.6 : 93.0 : 70.1=6:5:4: 3, Calc., 6:5:4:3 
_— 100.2 : 81.7 : 62.2 : 42.0=5 :4.1:3.1:2.1, Cale., 5:4: 

3: 

107.8 : 85.6 : 63.8 : 42.3=5:4:3:2.0 
; k=3, 101.2 : 69.0 : 42.1 : 20.2=4 : 2.7: 1.7 : 0.8, Calc., 4: 3: 
71 
74.1 : 78.9 : 52.0 : 26.182.8:3:2:1 
104.5 : 75.8 : 49.4 : 24.3=4:2.9:1.9:0.9 
k=2, 77.2 : 46.7=3 : 1.8, Calculated, 3 : 2 
73.9 : 42.2=3 : 1.7 
The singlet system of titanium has not been definitely established, 
but it is hoped that further work will soon lead to the identity of the 
members of this system. Evidence that the system exists is afforded 
by the combinations between a D level and the triplet f and p levels 
as pointed out in the preceding section of this paper. All the lines 
of the singlet system should undergo the same resolution in the magnetic 
field and exhibit the normal triplet separation. Several lines as yet 
unclassified, have been observed by King to be of this type. Among 


29 ZS. fiir Physik, 15, p. 194; 1923. 
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these may be mentioned the lines 4840.87A and 4820.41A of tempera- 
ture classes I and II respectively which are suspected of being com- 
binations between F and G or F and F levels. However, inter-system 
combinations similar to those occurring between the triplet and 
quintet systems have not been found with which to establish definitely 
the various levels of the singlet system. 

The atomic number of titanium is 22. Bohr’s* arrangement of 
the electrons in the normal state of the atom places two in the 1, 
orbit, four each in the 2;, 22, 3; and 3, orbits, and two each in the 3; 
and 4, orbits. For an electron to occupy a 4, orbit the atom, according 
to this arrangement, would have to be in an excited state. The series 
converging to the 4, orbit would be f series analogous to those occurring 
in the spectra of the alkalies and the alkaline earths and would resemble 
in structure the corresponding series of hydrogen. That such, 
however, is not the case for titanium, is clearly demonstrated by the 
series regularities presented above. In the normal state of the atom 
the series electrons occupy the 4, orbits, and the series converging 
to these orbits are decidedly unlike the hydrogen series. 

In conclusion we wish to express our thanks to Prof. H. N. Russell 
of Princeton and also to Mr. Otto La Porte of the University of Munich 
for suggesting to us the correct allocation of lines in some of the mul- 
tiplets published in our preliminary note. 


BuREAU OF STANDARDS, 
WaAsHINGTON, D. C., 
Fesrvuary 13, 1924. 


Excitation Potentials for Characteristic X-rays of Al, Fe, Ni, 
Cu, Zn.—The method is the usual one of bombarding the substance with 
electrons of gradually augmented voltage, plotting the corresponding 
values of the photo-electric current from an adjacent electrode well 
screened from charged particles emitted in or near the discharge, and 
looking for sudden upward bends in the curve. The apparatus was so 
designed that the different metals could be tested successively without 
opening the tube or impairing the vacuum. The data are: for Al, 
critical potentials at 107, 66, and 42 volts; for Fe 166 and 73, for Ni 
178 and 104, for Cu 193 and 112, for Zn 200 and 119 (the last value 
somewhat uncertain). These are reduced to equivalent frequencies, 
the square roots of the frequencies are plotted versus atomic number, 
and the authors attempt to link them with the curves representing the 


*° Naturwiss., //, p. 619; 1923. 
" Hicks: Analysis of Spectra, p. 55; 1922. 
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values of the various M absorption edges. These curves unfortunately 
extend from the upper end of the periodic table down only to atomic 
number 40, while the new data lie at atomic number 30 or lower; and 
there is some uncertainty as to the curves on which the new points 
should actually lie; but from all the direct and indirect evidence jt 
appears that the higher figures for Fe, Ni, Cu and Zn are the potentials 
required to extract an electron from the M;, level of the atom. The 
lower figures relate similarly to the M; level. These extraction po- 
tentials do not increase as rapidly in going from one element to another 
as is the case further along in the periodic table; and this is interpreted 
to mean that the constitution of and the number of electrons in each 
of the M-levels is changing from one atom to the next in this range of 
the table, while further along it becomes constant. By further measure- 
ments and analysis it is hoped to detect just where the difference 
between each pair of consecutive atoms is localized. The data for alumin- 
ium evidently refer to L-series potentials; the gap between this ele- 
ment and the range where the L-series wave lengths are directly meas- 
ured is wider and harder to bridge, but it appears that 107 and 66 
correspond to the L; and L; levels, while 42 is obscure.—(F. Horton, 
U. Andrewes, A. C. Davies; Phil. Mag. 46, pp. 721-741; 1923]. 
K. K. Darrow 


X-ray Spectra of Hafnium and Thulium, and an X-ray Method 
for Determining Mixture-Proportions of Metals.—A sample of a 
Norwegian zirconium mineral displayed six X-ray emission frequencies 
agreeing very well with the frequencies to be expected in the L series of 
the element 72, as deduced by interpolation between the observed values 
for elements 71 and 73. By mixing known quantities of the element 73 
(tantalum) into zirconium mixtures, until the tantalum L series lines 
came out just as strongly as the new L series lines, the proportion of 
element 72 in the original mixture was estimated. Control experiments 
with elements 50 and 51 (Sn and Sb) mixed with Ca (all three in combi- 
nation as phosphates) confirm the assumption that two elements adja- 
cent in the periodic table, when mixed in equal proportions with a third 
element, produce X-ray emission lines of equal intensities. This is a 
natural assumption anyway, as these emission lines originate in a por- 
tion of the atom varying comparatively little from one element to the 
next. Additional L series and M series lines of element 72 were dis- 
covered by experimenting on nearly pure samples. The K limit has 
been fixed by de Broglie and Cabrera, using a zirconium mineral, as 
190.5 X. The L series of a concentrated preparation of thulium fur- 
nished by Auer von Welsbach was also measured by Coster, the results 
dispelling any possible doubt that this is element 69.—{D. Coster 
(Copenhagen); Phil. Mag. 46, pp. 956-963; 1923. de Broglie and 
Cabrera, C. R. 176, p. 433; 1923.] K. K. Darrow 





THE INFRARED ABSORPTION SPECTRUM 
OF CARBON MONOXIDE 


By Erwin Foster Lowry 


During the past ten years a constantly increasing amount of work has 
been done on the absorption spectra of various gases in the near infra- 
red. Its purpose has been two fold, namely, to test the possibility of 
extending the application of the quantum theory to the rotational and 
vibrational energy of the molecule and to endeavor by this means to 
throw added light on molecular structure and dimensions. 

Bjerrum! showed that the band spectra in the near infra-red were due 
to a combination of rotational and vibrational frequencies, that is, 

v=votr, 
where » is the frequency of vibration of the oscillator and », its fre- 
quency of rotation. Thus if the rotational frequencies be quantized a 
series of lines may be expected, spaced symmetrically about the fre- 
quency -%. If », be quantized a series of such bands may be predicted, 
the so-called harmonics already found in the spectra of several gases. 
Burmeister’ has investigated a number of gases and found that the band 
spectra of most of them were doublets. From considerations based on 
the classical statistical mechanics Kemble* has derived the expression 
a ae 

4x77 2N 
for the moment of inertia of a diatomic molecule based on the rotational 
frequency », obtained from the position of the maxima of the Burmeister 
doublets, where R is the gas constant, T the absolute temperature, N 
Avogadro’s number, and 2», the difference in frequency of the two max- 
ima. With the aid of a spectrometer of moderate resolving power, Eva 
von Bahr‘ was able to obtain twelve maxima in the absorption spectrum 
of HCl. Later, Imes’ in a very fine piece of work extended this number 
to 24, twelve pairs grouped about the frequency » as well as a similar 
separation of the components of the bands of HBr and HF. This num- 
ber of maxima for HCI has been still further extended by Colby and 
Meyers® and others. Eva von Bahr’ and more recently Sleator* have 

' Nernst Festschrift, p. 90; 1912. 

* Verh. d. D. Phys. Ges., p. 608; 1913. 

* Phys. Rev. 8, No. 6, p. 696; 1916. 

* Verh. d. D. Phys. Ges., 15, p. 1150; 1913. 

* Astrophys. Jour., 50, No. 4, p. 251; 1919. 

* Astrophys. Jour., 53, No. 4, p. 300; 1921. 

loc. cit. 

* Astrophys. Jour., 48, No. 2, p. 125; 1918. 
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obtained very complex curves for the spectrum of water vapor. Barker’ 
has resolved the spectrum of carbon dioxide at 4.34 into a doublet and 
its harmonic at 2.74 into a pair of doublets which give considerable 
evidence of fine structure. Obviously little can be hoped for at the 
present time in the interpretation of these results on tri-atomic mole- 
cules due to the difficulties in the mathematics involved. 

From theoretical considerations carbon monoxide should give a 
spectrum very similar to that of the halogen acids and the present work 
was undertaken in the hope that additional evidence might be obtained 
for the application of quantum theory to molecular behavior. Angs- 
trom” located this band at 4.56u, Coblentz™ found the center of the 
band at 4.59u, while Burmeister” resolved it into a doublet with maxima 
at 4.60u and 4.72u giving the center of the band at 4.674. Angstrom 
found the first harmonic at 2.484 while both Coblentz and Burmeister 
gives its location as 2.35y. 


THE APPARATUS 


The apparatus was similar to that used by Sleator in his work on 
water vapor and by Imes on the halogen acids, which has the advantage 
of bringing to bear on the infra-red region a much higher resolving power 
than had here to fore been possible. 


THE SPECTROMETER 


Fig. 1 is a diagram of the spectrometer which is of a speciat combina- 
tion prism-grating type. The radiation from the source, a Nernst 
glower, is brought to a focus on the slit S; by the concave spherical 
mirror M,. It is then reflected approximately at right angles by the 
small plane mirror M; to the concave mirror M;, which is placed at a 
distance equal to its focal length from the slit S;. This mirror throws a 
parallel beam of radiation on the rock salt prism P which has a refract- 
ing angle of about 15° and a surface of (15 cm)? and is backed by the plane 
mirror M,. The beam is thus caused to retrace its path thru the prism 
and back to the mirror M; which brings the spectrum to a focus on the slit 
S;. This arrangement makes use of the well known principle of auto- 
collimation, enabling any desired portion of the spectrum to be brought 
to a focus on the slit by simply rotating the prism. The purpose of this 

* Astrophys. Jour., 55, No. 5, p. 391; 1922. 

10 Ofv. af Kongl. Vet. Akad. Férh., 46, p. 549; 1889. 


1" Investigations of Infra-red Spectra, pts. 1-2, p. 175. 
# loc. cit. 
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prism spectrometer is of course to prevent overlapping of orders on the 
grating by limiting the range of wave lengths passing thru the slit S,, 
From the slit S; the radiation of the wave lengths to be investigated passes 
to the mirror M which reflects a parallel beam to the grating G. This 
was mounted on a circle capable of being read to a single second of are 
by means of two micrometer microscopes. The circle and microscopes 
were arranged under the bed of the spectrometer with the microscopes 
placed in the horizontal position. From the grating the diffracted beam 
was reflected back to the mirror M; and then to the small plane mirror 
M, which reflected the beam at an angle of 90° approximately and 
brought it to a focus on the slit S;, behind which the thermopile was 
placed. The small mirror M, was placed as close as possible to the beam 
emerging from the slit S. so that the angle between the incident and dif- 
fracted beams at the grating was of the least possible value. This angle 
as measured visually was found to be 1° 10’ giving a very small amount 
of distortion and permitting the use of the equation 
A=2g sin@ 

where g is the grating constant and @ the angle between the position of 
the central image and the first order spectrum. The whole spectrom- 
eter was enclosed in a cover made of sheet iron which was set in a 
groove iri the iron base of the instrument and sealed with vaseline. 


This arrangement enabled the whole apparatus to be washed thoroughly 
with dry air free from CO,. The entire spectrometer with the excep- 
tion of the grating circle and the thermopile was designed and built in 
the department shop. 


THE SLITs 

The slits were 2 inches long and built so that both jaws could be 
moved simultaneously by means of a rotating milled head which was 
graduated in thousandths of an inch. This method has the advantage 
of preserving the position of the slit center. The slit S; was rather wide, 
about 1.5 mm, in order to admit a large amount of energy to the prism 
spectrometer. The slit S,; was 0.5 mm in width while the thermopile 
slit S; was somewhat narrower. The angular width of the thermopile 
slit was 1’ 40’’ and included at this wave length about 85 angstroms. 
For part of the work the thermopile slit was decreased in width to about 
half this value. 

THE GRATING 

The grating was one very kindly loaned me by Dr. H. M. Randall of 

the University of Michigan, ruled on aluminum by the original Rowland 





May, 1924] INFRARED ABSORPTION SPECTRUM oF CO 651 


engine. It was of a modified echellete type, not all of the plane face 
having been cut away so that it furnished a very strong central image. 
Though only the one grating has been used in the course of the investi- 
gation, the closeness of the check which was made on the spectrum of 
HCI and the method of taking observations would seem to have elimi- 
nated any serious errors due to any peculiarity of the grating surface. 
The grating constant was determined by measuring @ for several maxima 
cf the HCI band at 3.46u and found to be 2887.6 lines per inch, which 
is the result to be expected by dividing the constant of the Rowland 
engine 14438 by 5, every fifth tooth on the wheel driving the screw 
having been used in cutting this grating. The central image was so 
intense that it was found necessary in determining the normal position 
of the grating to place a thick piece of plate glass in the path of the 
incident beam, the glass of course absorbing a large percentage of the 
energy at the wave length 3.5y. 
THE ,THERMOPILE 

The thermopile was made by Coblentz. It consisted of twelve 
elements of bismuth-silver and had a resistance of 7.4 ohms. It was 
mounted directly behind the slit S; and insulated as well as possible from 
external thermal distubances. 

THE GALVANOMETER 

The galvanometer was of the du Bois-Rubens type, built by Siemens 
and Halske, resistance 10 ohms, and was hung in a specially built 
Julius suspension. Ata scale distance of 3 meters and a period of 20 sec. 
it had a sensitivity of 5X10-" amp. per millimeter deflection. At 
this sensitivity however it was too unstable for satisfactory work and 
was used thruout at a sensitivity of from 1 to 2X10". The unsteadi- 
ness of the galvanometer has been the most serious source of difficulty 
in connection with the problem and it has been necessary to take all 
observations between midnight and morning on very calm nights. For 
some reason not accounted for, a slight breeze caused a very erratic 
motion of the galvanometer suspension and forced me to work only on 
windless nights. A solenoid control was devised by means of which the 
zero and consequently the sensitivity of the galvanometer could be 
adjusted by the observer without moving from his position at the 
telescope. 

THE SOURCE 


A Nernst glower connected to the 110 volt lighting circuit served as 
the source of radiation and was very stable in its action though no 
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special ballast was used to attain this end. The constancy of the gal 
vanometer deflections throughout a night’s work when the zero of the 
galvanometer was maintained at a constant position was adjudged to 
be sufficient evidence of this stability. 


THE ABSORPTION CELL 


Two absorption cells were used. Both were of precisely the same 
dimensions and placed immediately in front of the slit S:. One cell 
was filled with the gas to be investigated and the other with air from 
which the CO, and water vapor had been removed by pumping the air 
through two wash bottles of granular KOH in series and then through 
two of concentrated H.SO,. The cells were 15 cm long and about 9 cm 
in diameter and were mounted so that they could be placed alternately 
in the path of the radiation from the glower. The ends of the cells 
were closed with thin mica windows clamped to the ends of the cells by 
a brass ring and made practically gas tight by thin rubber gaskets of 
dental dam. 


METHOD AND RESULTS 


The first work done on the present problem was on the HCI band at 
3.46u with the idea of calibrating the spectrometer and testing the 
accuracy of the method. The HCl was formed by dropping concen- 
trated sulphuric acid on C.P. sodium chloride and washing the gas 
through water saturated with HCI and then through two wash bottles 
of concentrated sulphuric acid to dry it. It was then passed through the 
absorption chamber and finally disposed of by absorption in water. 
The absorption chamber was adjudged saturated with HCI when all the 
gas emitted from the cell was absorbed by the water, but a slow stream 
of gas was kept flowing through the cell during the taking of the 
observations. 

The deflections were obtained by opening and closing a shutter 
immediately in front of the slit S;. Two deflections were taken with the 
HC in the path of the beam and then two with the cell containing dry 
air and then two more with HCl and so on alternately until 6 deflections 
were obtained with HCl in the path and four with dry air. This 
method was used because of a slow but steady‘drift of the galvanometer 
zero toward the position of less sensitivity during a large share of the 
work. The absorption percentage was obtained by subtracting the 
deflections obtained with HCI in the path from{those with dry air and 
dividing the difference by the latter and expressing the result in percent. 
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Fig. 2 shows the curve obtained for a portion of the HCI band including 
the maxima numbering from 9 to 5’ and Fig. 3 the curves for a few 
separate peaks obtained from a single set of data, with spectrometer 
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settings for the latter curve made at every 20”’ of arc. Using a grating 
constant of 2887.6 the position of all the peaks agreed with the results 
obtained by Colby and Myers to within 25 angstroms while most of 
them agreed within 10 angstroms. 

The same absorption cells were then used for carbon monoxide after 
the brass cylinders had been rebored to clean them and fresh mica 
windows substituted. The CO was formed by dropping 90 percent 
C.P. formic acid on concentrated C.P. sulphuric acid which was kept 
at a temperature of 85°C. on an oil bath. The gas was then washed 
through a concentrated solution of KOH and through two bottles of 
conc. H,SO, to remove any possible CO, and any water vapor formed 
in the reaction 

HCOOH + H,SO,= CO+H,0+ H,SO, 

It was not thought necessary to maintain a flow of the gas through the 
absorption chamber during the process of taking observations but the 
gas was run through the cell for about an hour just previous to taking 
each set of readings. The gas flowing out of the cell was passed through 
a safety lamp and burned, the cell being considered saturated with CO 
when the flame at the lamp no longer exhibited an inner cone of com- 
bustion which would be evidence of an admixture of air with the CO. 

Settings were made every 30 sec. over the central portion of the band 
and the percentage of absorption for each setting calculated in the same 
manner as for HC]. Fig. 4 shows the curve obtained, which is a doublet 
with maxima at 4.600(1) and 4.728(5)u with the center of the band at 
4.6643, agreeing extremely well with Burmeister’s results. There is 
very little if any evidence of fine structure of the band as it was hoped 
we might find. For one set of observations the thermopile slit was 
narrowed until it had a width of 50’ and included about 40 angstroms 
with settings made every 20” or about every 17 angstroms but no better 
evidence of fine structure was obtained. All of the curve has been gone 
over twice and the major portion four times with an agreement between 
separate observations on a single setting averaging better than 1 percent. 
Although the plotted points for the curve of Fig. 4 are not shown, none 
of of them varies from the curve as drawn by more than one per cent. 
This is a better agreement than was obtained for the HCI curve as is in 
evidence from Fig. 3 and was due in part to a better technique but 
more particularly to much better steadiness of the galvanometer. 

CONCLUSIONS 

Though no fine structure for the band was found the position of the 

maxima at 4.600(1)u and at 4.728(5)u enables us to calculate the 
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moment of inertia of the CO molecule by making use of the formula 
already referred to, namely 

_ = 

~ 4ry2N 


Taking R as 8.3210", T as 293° abs. N as 60.610”, and 2», obtained 


from the equation 
1 
2,=e(5-¥) 


as 1.6610" we get the value of J to be 14.9 10-*. 
This value of J may be used in the equation 
mm’ 
I= P 
m+m’ 
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to determine the distance / between atomic centers in the CO molecule, 
where m and m’ are the masses of the carbon and the oxygen atoms 
respectively. We get from this equation / to be 1.15X10-° cm. 

These numerical results agree very well with those given by Eucken™ 
in which he calculates the value of the dimensions of the CO molecule 
by four different methods. From the separation of the maxima of the 
infra-red double bands and for which he does not give the experimental 
authority he gets 14.710~°; from the separation of the lines in the 
visible band spectrum 15.810 °; from the vapor pressure curve and 


“ Zeits. fiir Electrochemie, 26, p. 377; 1920. 
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C,, the heat of rotation of the molecule, 14.710-*; and from the 
molecular model of Fraulein Gerda Laski™ 14.110-. He obtains 
from these values of J 1.16X10-* cm as the most probable distance 
between atomic centers, a result which is in very close agreement with 
our value. 

C. E. Guye and R. Rudy” give for the molecular diameter of ‘CO the 
value of 3.36X10-* obtained from viscosity measurements taken from 
results in “‘constantes physiques de la Societe francaise de Physique.” 
By applying the formula for the rotation of an electric discharge in a gas 

eH 
” T2estmM 
where e and m are the charge and mass respectively of the positive ion 
under the simultaneous action of two uniform fields, an electric field 
parallel to the y axis and a magnetic field M parallel to the z axis, M the 
number of molecules per unit volume, and s the radius of the molecule, 
the same authors arrive at the value of 3.88 10-* for the diameter of 
the molecule. J. Robinson” gives 3.50X10-* as the value obtained 
from measurements of the absorption of cathode rays. 

It is of some interest to attempt a correlation between the value of the 
distance between atomic centers as given above and the molecular 
diameter as given by the last three methods. The diameter of the 
molecule based on the above collision phenomena may be taken as 
equal to the nearest distance of approach of two similar molecules. 
W. H. Westphal (ZS. fiir Physik 4, 254; 1921) has calculated the values 
of a and 7, for Chlorine, Bromine and Iodine molecules where a is the 
radius of the molecule and 7» is the nearest distance of approach. He 
arrives at the following ratios 


To 


If we plot the value of these ratios against the molecular weights 
we get a linear relation which gives 1.25 as the value of this ratio for a 
molecular weight of 16+12=28. Now let us take as the diameter of 


4 Phys. Zeitsch., 20, p. 269; 1919. 
4% Comptes Rendus, /74, No. 6, p. 382; 1922. 
%* Proc. U. Durham Phil. Soc., 3, Pt. 4; 1915. 
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the spherical molecule the longest diameter of the parallelopiped formed 
by the valence electrons of the Lewis-Langmuir molecular model for CO. 
We get for this diameter 2.83 x 10-* cm, taking the parallelopiped to be 
formed of two cubes in the centers of which are the C and O nuclei 
respectively and taking the distance between nuclei to be 1.15 X10-* cm. 
Now if we multiply the value of 2a so obtained by the ratio given above, 
we get for the diameter of the effective sphere 3.54X10-° cm. The 
average of the three values given above for this quantity is 3.58 10°. 
On the basis of the Bohr theory a similar result may be arrived at from 
the idea of elliptical orbits and the theory that these orbits are more or 
less interpenetrating. 

From the suggestion first offered by Ehrenfest’’ that the value of the 
spacing between the separate maxima in the molecular band spectra 
might be expressed by the equation 

dy= ote 
4n*] 
where h/ is Planck’s constant and J the moment of inertia of the molecule 
we get dv for CO at 4.66 to be about 80 angstroms. On this basis 
apparently we should have found some evidence of the fine structure of 
the band. On the short wave side of the HCl band at 3.4y the peaks 
are about 200 angstroms apart and were found by Imes without diffi- 
culty, using a slit width of 100 A. or half the separation between the 
maxima. In Figs. 2 and 3 of this paper these maxima are shown to be 
very distinct with a slit width 50 A. Although, as before stated, the 
thermopile slit was decreased in width to 40 A. or about one half the 
calculated value of the separation between the maxima for part of the 
work on CO, no evidence of the fine structure was found. This must 
lead to one of two conclusions. Either the maxima are much closer 
together than the above equation would indicate or the resolving power 
of the spectrometer approaches a critical value beyond which decreased 
slit width does not increase its value in the same ratio. 

On examination of the carbon monoxide curve it is evident that there 
are slight minima, one on each side of the band center. The decrease in 
absorption of each of these points is slight but there is little doubt as to 
its occurrence. It is, however, difficult to account for these minima. 
It is hardly probable that they are due to irregularities in the grating 
surface. On the other hand it is not evident as to what molecular 
behavior would give rise to their appearance on the basis of our present 
knowledge of the origin of molecular spectra. 


Verh. d. D. Phys. Ges., 15, p. 451; 1913. 
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In conclusion I wish to express my thanks to Dr. F. C. Blake of this 
department who suggested the problem and who has aided me materi- 
ally by his interest and suggestions, and to Mr. Brooks, the department 
mechanician, for his painstaking work in the building of the apparatus. 

Puysics DEPARTMENT, 


Oxto STATE UNIVERSITY 
Cotumsus, Ouxro. 


Interpretation of the Change of Wave Length Accompanying 
X-ray Scattering.—According to A. H. Compton, scattered X-rays 
moving in a direction making an angle @ with the direction of propaga- 
tion of the primary X-rays have the frequency mo|[1—a (1—cos @)], 
where a is equal to Ano/me* and mo is the frequency of the primary rays. 
(By Compton’s method of deduction, this is a first approximation 
formula). Bauer points out that an electron immersed in the primary 
beam and moving along its direction of propagation with uniform speed 
v will experience a force of frequency mo(1—8), where 8B =2/c; and if it 
vibrates in unison with this force it will emit waves which to a station- 
ary observer in direction @ will appear to have the frequency mo(1—8) 
(1+8 cos @). This to first approximation agrees with Compton’s 
expression, provided that 8=a, i.e. that the momentum of the elec- 
tron is equal to that of one of the incident quanta.—{E. Bauer, C. R. 
177, pp. 1031-1033; 1923.| K. K. Darrow 


The Beta-ray Spectrum of UX, and its Interpretation. 
This spectrum consists of three lines, 8 = 0.48, 0.519 and 0.529 respec- 
tively and a band with its centre of gravity at 8=0.581. The energy 
of the electrons constituting the band is a few per cent higher than that 
necessary to excite K-radiation of the atom, which is an isotope of 
thorium. The energies of the electrons of the other three groups ac- 
cord with the theory that they are respectively L, M, and N electrons 
of the atom, expelled by Ka-radiation of the atom, which in its turn 
results presumably from expulsion of K electrons by the fastest elec- 
trons such as those which form the band. The whole process must occur 
within a single atom, as if the K-radiation came out and were absorbed 
in a different atom we should expect the absorption to occur usually in 
the platinum atoms of the wire on which the UX, is spread. The ex- 
pelled K-electrons would be too slow to be detected by the apparatus, 
but the atom also emits X-radiation, the absorption-coefficient of which, 
in lead, has the proper value for thorium K-radiation. The electrons of 
the band must be supposed to come from the nucleus; it is uncertain 
whether or not they issue from it with uniform speed and lose varying 
amounts of energy subsequently.—[{L. Meitner, Kaiser-Wilhelm In- 
stitute; ZS. f. Physik, 17, pp. 54-66; 1923.] K. K. Darrow 





ON THE ACTIVE AGENTS IN LUMINESCENT ZINC 
SULPHIDES, WILLEMITES, AND KUNZITES 
By T. TANAKA 
ZINC SULPHIDES 


It is certainly a difficult problem to determine the chief active agent 
in the luminescence of zinc sulphide. The probable impurities of zinc 
ores are very numerous, including as they do the salts of the following 
metals: Li, Na, Al, Mn, Fe, Co, Cu, Ga, Ge, Mo, Ag, Cd, In, Sn, Sb, 
the rare earths, Tl, Pb, and Bi. The occurrence of Fe, Cd, Cu and Mn 
is known to be very frequent. 

Zinc sulphide mixed with a small quantity of manganese shows an 
orange fluorescence and has triboluminescent properties very similar 
to those of zinc blende, whence Griine’ attributed the origin of the 
luminescence of zinc blende to manganese. Jorrissen and Ringe? 
found that the addition of small quantities of metallic salts produces, 
in most cases, some variation in the luminescent color of zinc sulphide, 
and therefore considered it possible that the luminescence is due to 
some agent or agents in solid solution. 

Henry’ had previously mentioned that the addition of several metals, 
which were among the probable impurities, prevented the luminescence 
of zinc sulphide, whence he concluded that the luminescence proceeded 
from the pure substance. The fact is that the purification of zinc sul- 
phide is so difficult that non-luminescent zinc sulphide can scarcely be 
obtained and that the metals shown by ordinary chemical analysis as 
impurities are not active in the luminescence. Hofimann and Ducca‘ 
found that the luminescence shown by zinc ammonium sulphate 
mixed with a small quantity of manganese chloride became very 
prominent in the presence of a small amount of NaCl or MgSO,, 
which must have played a part similar to that of a flux in Lenard and 
Klatt’s sulphides. Recently Dougall, Steward and Wright’ con- 
ducted an exhaustive investigation with ‘a view to define more 
clearly the various factors which are concerned in the production of 


? Grune, H.: Ber. chem. Ges. 37, 3, pp. 3076-3077; 1904. 

? Jorrissen, W. P. und Ringe, W. E.: Fortschritt 61, 2, p. 486; 1904, and Chem. Zentralbl. 
5), 10, pp. 1, 64; 1906. 

* Henry, C.: C. R. 1/5, p. 505; 1892. 

‘Heffrrann, K. A. und Ducca, W.: Ber. chem. Ges. 37, 3, pp. 3407-3411; 1904. 

* Dougall, E. M., Steward, A. W., Wright, R.: Jour. Chem. Soc., /1/, pp. 666-683; 1917. 
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phosphorescent zinc sulphide.”” They considered it possible that 
pure zinc sulphide might be luminescent, but according to their obser- 
vations its power is much weaker than that of “phosphorescent zinc 
sulphide.”” Moreover, they found that heating to redness and adding 
sodium chloride or zinc chloride made the luminescence very promi- 
nent, but that the addition of further metals is of no advantage, and 
that some, indeed, exert a deleterious effect. They seem not to have 
given any weight to the possibility of active agents in solid solution, 
and to have attributed the effect, instead, to zinc sulphide particles 
covered with thin layers of chloride, fused during calcination. They 
could find no satisfactory explanation for the change in the luminescent 
color upon the addition of manganese. 

From these researches it would appear that -— 

(1) The origin of the luminescence of zinc sulphide is probably 
some agent or agents in solid solution. 

(2) Pure zinc sulphide is almost impossible to obtain, so that even 
a highly fractionated sample will show a perceptible luminescence. 

(3) The chief active agent is probably one which is very difficult 
to separate from zinc sulphide. 

(4) The active agent alone may be unable to produce any prominent 
luminescence, but may require the presence of some salt as a flux. 
This action of a flux is well known in the case of Lenard and Klatt’s 
sulphides. 

(5) As may be seen in Lenard and Klatt’s sulphides, the percentage 
of the active metal giving maximum brightness of luminescence is 
exceedingly small, being of the order of 0.01. Therefore traces of an 
impurity too minute to be detected by accurate chemical analysis may 
show very remarkable luminescent power. 


EXPERIMENTAL RESULTS 


Four samples of zinc sulphide were studied, and two samples of zinc 
blende. In the course of the experiments, which were repeated about 
thirty times, 48 luminescence bands were found. They belonged to 
three constant-frequency-interval series, having intervals of 17.4, 
17.7 and 18.2 (in 1/A.U. X10’ units) respectively. The bands belonging 
to the first series coincide in their locations and in their interval with 
those due to thallium. Since the presence of thallium in zinc sulphides 
is very frequently shown even by ordinary chemical analysis, the above 
result is quite to be expected. 
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The bands of the second series do not seem to belong to any 
one of the forty two metals previously studied by the author. The 
bands belonging to the third series nearly coincide with those belonging 
to one of the series due to erbium; but the other erbium series is 
quite different from anything given by the zinc sulphides. Hence it 
may be that the approximate coincidence between the third series 
in this case and one of the erbium series is only accidental, and that 
the third series too is due to some other metal not yet studied. Since 
each rare earth has, in general, two characteristic series, it may be 
that both the second and third series in this case are due to the same 
metal. Taking the mean value of their intervals, which is 18.0, and 
looking for some rare earth having this interval-value on the curve 
given at the end of the present author’s® recent paper on the cathodo 
luminescence of solid solutions, we get Viterbium. 

The wide distribution of yttrium in minerals was emphatically 
affirmed by Crookes’ as the result of his extensive researches; and 
although the reasoning which brought him to this conclusion has been 
proved to be wrong, the experimental facts he obtained are of great 
value. According to his experiments some element showing a bright 
citron-colored band must exist, and must be widely distributed. It 
cannot be yttrium, as Crookes supposed, but it must be something 
which it is very difficult to separate from yttrium. Crookes’ researches 
show not only the wide distribution of that unknown element, but also 
of yttrium itself. What was that element? The question seems to be 
still an open one. 

Crookes says in one of his papers:* 

“Gadolinite was purified from all the earths, whose sulphates are 
with difficulty soluble in potassium sulphate, then from terbia and 
lastly from erbia earths. Now gadolinite contains only about 0.1 
per cent of ytterbia, and about 35 per cent of yttria, and it gave the 
citron band spectrum as brilliantly as I had ever seen it. The probabil- 
ity was that the earth forming nearly the whole was the one giving the 
spectrum.” 


According to our present knowledge this statement shows that the 
probable active agent was not yttrium but ytterbium. The concentra- 
tion of 0.1 per cent is not far from that which gives the maximum 


* Tanaka: J.O.S. A.& R.S.L., 8, p. 316, 1923. 
* Crookes, W.: Chemical News 49, pp. 159-160, 169-171, 181-182, 194-196, 205-208; 1884. 
* Crookes, W.: Chemical News, 49, pp. 205-208; 1884. 
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intensity of luminescence for many substances. Crookes says again 
“The precipitate thus obtained with tartaric acid and ammonia should 
therefore contain all the yttria; it gave no citron band whatever in the 
radiant matter tube, whilst the residue, which should be free from 
yttria, proved for a long time the only source of material wherewith to 
investigate the chemical properties of the body giving the citron band 
spectrum.” 


A too concentrated yttrium solution was not luminescent, and the 
true active agent had been removed by his method of purification, 


He says further— 

“Pure yttria precipitated by ammonia did not phosphoresce in the 
slightest degree, and necessarily, no citron band spectrum was to be 
seen. The yttria was converted into sulphate, heated to redness, and 
again tested. This time it gave the citron band magnificently.” 
The first yttria was free from the active agent, but the chemical process 
must have introduced traces of it. The wide distribution of yttrium 
and ytterbium has been proved by Humphreys’ by the analysis of 
many samples of fluorspar, which nearly always contained yttrium 
and often ytterbium. 


In support of his contention the present author submits the following 
comparison of Crookes’ “yttrium bands’”’ (Cr) and those by himself 
(T) and assumed by him to be due to ytterbium. The differences 
are given under A. 


TABLE 1. 








Ce.| T | | 
603 | 603.0 | 0 
597 | 596.4 |-1 
|| 574*| $74.7 | 1 |! 550 
1} | *The citron band. 


A 
647 | 647.1 | 0 
1 
0 
1 





639 | 639.8 
619 | 618.8 
609 | 609.6 | 


ll Cr. | 











The correspondence is good. If Crookes’ spectrum is compared, 
instead, with lanthanum, cerium, praseodymium, neodymium, gado- 
linium, dysprosium, holmium, erbium, thallium, or yttrium, several 
of his bands fail to find a corresponding band. Samarium gives the 
closest comparison, but even with it, the deviations are much larger 
than those in the above table. 


* Humphreys, W. J.: Astrophys. Jour., 20, pp. 266-273; 1904 and 22, p. 157; 1905. 
1° Crookes, W.: Chem. News, 56, p. 81-82; 1887. 
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The two series which are probably due to some one element (ytter- 
hium?) are as follows: 


TaBLe 2. Bands due lo an unknown clement 








Serres 1(17.7) Serres’ I cont. | Senies II (18.2) | SERIES IT cont. 
—————_-_— - i] i 


5928 | 1686.9 | 5365 1863.9 | 5900 | 1694.9 | 5380 | 1858.7 
5806 1704.6 | 5315 1881.6 || 5837 | 1713.1 5328 1876.9 
5806 1722.3 5265 1899.3 || 5776 | 1731.3 | 5277 1895.1 
5747 1740.0 | 5217 1917.0 || 5716 | 1749.5 5227 | 1913.3 
5689 | 1757.7 | 5169 1934.7 || 5657 | 1767.7 | 5177 1931.5 





1775.4 5122 | 1952.4 || 5599 | 1785. | 5129 1949.7 
1793.1 5076 | 1970.1 5543 | 1804.1 | 5082 | 1967.9 
1810.8 5031 | 1987.8 


5488 1822. 5035 | 1986.1 
1846.2 





In Table 3, the bands which are due to an unknown element, pre- 
sumably ytterbium, are designated by the letter X. 





Bands Found 


Zinc SULPHIDE I X(18) | 5866,5805(6),5745(7),5686(9) 5634(3),5595(9), 
| 5574(7),5525(2),5487(8),5414(7),5312(5), 
5274(7),5220(7),5177,5169,5120(2),5082,5035. 
T1(2) | 5441,5338(0). 








5716,5687 (9),5633,5602(9) ,5575(7),5520(2), 
| 5433,5382(0),5315,5277,5265,5227 ,6216(7), 
5178(7),5131(9),5120(2),5076,5033(1). 
| | 5342(0),5015(4). 





Zinc SuLpHwe III X(17) | 5864(6),5806,5747,5789,5630(3) 5574(7), 
| 5520(2),5470(9),5415(7),5364(5),5315,5263(5), 
| 5218(7),5168(9),5129,5080(2),5035. 








Zinc SULPHIDE IV | 5925(8),5809(6),5747,5716,5689,5633,5578(7), 
| 5$522,5471(9),5416(7) 5367 (5),5314(5),5267(S), 
5216(7) ,5169,5123(2) ,5075(6),5032(1). 
| Ti(3) 5103,5058,5016(4) . 


| 





Zinc BienpEI | X(i7) | 5577,5522,5469,5418(7),5364(S),5327(8), 
| 5§313(5),5277,5263(5),5218(7),5178(7), 
5166(9) ,5130(9),5120(2),5082,5036,4985(6) . 
T1(5) 5431(0),5103,4968 (0) ,4928,4886. 





5227,5168(9),5130(9),5121(2). 
_ $493,5390,5340,5194(5),5148,5102(3). 


| T1(6) 


| 
Zinc BLENDE II | X(9) | 5468 (9) ,5415(7),5367(5),5316(5),5267(5), 
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NOTES ON TABLE 3 


Zinc Sutpume I. This sample was made by A. Verneuil. It showed a very bright, 
yellowish green luminescence, in which were found 2 bands due to thallium and 18 due to 
element X. 

Zinc Supe II. This sample was made by A. M. Rousseau. Its luminescence was 
similar to that of the first sample. There were found in its spectrum 2 bands due to thalliym 
and 18 due to element X. 

Zinc SutpHwe III. This sample’s maker is unknown. It showed a less bright lumi 
nescence than did samples I and II, but the spectrum curve was beautifully shaped, with a 
maximum at about 5350 A.U. The subordinate crests appeared clearly, and it was very easy 
to determine their locations. There were seventeen of these crests, all due to “element X.” 

Zinc SutpHipe IV. This sample was reported by C. W. Waggoner as being non-phos. 
phorescent under photo-excitation. It, however, showed a fairly bright luminescence under 
bombardment by cathode rays. Its luminescent color changed gradually from yellowish green 
to green during the course of the bombardment. In its spectrum there appeared three thal 
lium bands, and eighteen bands due to element X. The thallium bands were present only at 
the farther part of the curve, where it is very low; hence they could have very little effect on 
the color. 

Zinc BLENDE I. This sample came from near Joplin, Missouri. It showed a yellowish green 
luminescence, similar to that of the artificial zinc sulphides just described. In its spectrum 
were found seventeen bands due to element X, and five thallium bands most of which were in 
the extreme portion of the curve. No difference as to active agent was found between this 
and the artificial samples. 

Zinc BLEeNDE II. This sample came from Mexico. Its luminescent light was yellowish 
green, but rather faint. In this case six thallium bands were recognized, and nine bands due 
to element X. The effect of thallium was not inconsiderable in this sample. 

Since there are several important metals besides ytterbium whose series have not yet been 
investigated, it is impossible to decide with absolute certainty as to the identity of element X. 
But there is a probability that it is ytterbium. 


WILLEMITES AND KUNZITES 


Willemite is a well-known, strongly luminescent mineral with 
a composition of Zn,SiO, (zinc orthosilicate). The investigations of 
J. J. Thomson on positive rays owe their success partly to the existence 
of this highly luminescent substance. But the origin of its lumin- 
escence has been investigated by comparatively few. Its luminescent 
color is always yellowish green, though its natural color varies widely. 
The bands found in the spectrum of this and in that of two samples of 
Kunzite are given in Table 4. 
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TABLE 4—Weelemites and Kunzites 


| Active | 
Substance | Agents Bands Identified 





Wittemite | Mn(15) 5682, 5620(8), 5525, 5470, 5432, 5366(5), 
I. | 5322(5), 5275(4), 5221(0), 5180(1), 5131(3), 
5082(4), 5049(1), 5004(5), 4919/1). 
Fe( 3) 5396, 5038(0), 4950(7). 
Txi( 2) | 5655, 5600. 








WILLeMITE | Mn(12) 5617(8), 5575(4), 5524(5), 5327(5), 5274, 5218(0), 
Il. 5180(1), 5139, 5094(2), 5082(4), 5050(1),5005. 
Fr( 4) 5671(0), 5504(7), 5339(2), 5287(9). 
Tx( 3) 5439(1), 5390, 5151(8). 








WILLEMITE | Mn(12) 5682, 5523(5), 5363(5), 5310(1), 5271(4), 5247, 
IIT. | §219(0), 5181, 5141(9), 5095(2), 5052(1), 
4978. 
Txi( 5) | 5652(5), 5601(0), 5546, 5147(8), 5016/4). 
Fe( 2) 5451, 5397(6). 





WittemiTte | Mn(18) | 5682, 5629(1), 5557(9),5525, 5488, 5424(3), 
IV. 5370(1), 5325, 5249(7), 5274, 5221(0), 5180(1), 
5130(3), 5091(2),5051, 5024(5), 5007(5),4921 
Tx( 3) | 5655, 5600, 5104(3). 
Fe( 3) | 5451, 5397(6), 5341(2). 
KUNZITE Mn(11) | 6160(8), 6098, 6045(6), 6031, 5977, 5894(6), 
I. | 5855, 5754, 5691, 5632(1), 5617(8). 
6077(8), 5957. 
5991, 5927(8), 5867(6), 5806, 5776, 5713(6), 
5617. 








Kunzire | Mn(12) | 6203, 6158, 6098, 6046, 5977, 5910, 5831, 
II. | §796(4), 5741, 5691, 5617(8), 5559. 
Sa( 4) | 6118, 6079(8), 5954(7), 5518. 
Tu( 1) | 5655. 
Yb?( 3) | 5864(6),5714(6), 5617(8) 





NOTES ON TABLE 4 


Wittemite I. The origin of this sample is unknown. It had a white natural color and 
showed a very bright luminescence. The spectrum curve showed many well-defined subor- 
dinate crests. As may be seen from the table, fifteen manganese, three iron, and two thallium 
bands were identified. The occurrence of iron in most willemites is well known. Thallium 
is widely distributed in the ores of light and heavy metals alike. 

Wittemite II. This sample came from Franklin Furnace, New Jersey. It had a pink 
tint in its natural color, but otherwise was similar to Willemite I. As may be seen from the 
table, twelve manganese, four iron, and three thallium bands were identified. 

Wiutemite III. This sample, like the preceding, came from Franklin Furnace, New 
Jersey. Except for having a green instead of a pink tint it was similar to the preceding. 
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Twelve manganese, three thallium, and two iron bands were identified. The agreement as to 
active agents between these three samples was of course to be expected. 

Writemite IV. This sample was synthesized by Andrews, and it consisted of a fine white 
powder. Its method of manufacture was unknown to the present author until after the 
conclusion of the investigation. Its luminescence spectrum curve was quite similar in form 
to those of the natural willemites studied, but the intensity of luminescence was somewhat 
greater. Eighteen manganese, three thallium, and three iron bands were identified. Th: only 
difference between this result and those for the natural willemites studied is the greater 
number of manganese bands. 

The occurrence of manganese as an impurity in silicates may be accepted as a matter of 
course. But as to whether zinc silicate containing traces of manganese can show a green 
luminescence is not so readily determined. Since pure zinc silicate was not at the author's 
disposal, he could make no study of this point. But some years ago Bourgougon succeeded in 
making some samples of artificial willemite, which showed luminescence similar to that of 
natural willemites. The paper about his work, written by Baskerville" is so short that it does 
not give a clear idea of Bourgougon’s methods of manufacture. It seems, however, that the 
zinc silicate he used had a high degree of purity, so that it showed no luminescence in itself, 
and that in one sample at least, the active agent was manganese oxide; other oxides, if used, 
playing parts similar to those of the fluxes in Lenard and Klatt’s sulphides. If this is correct, 
it confirms the present result. 

The only other alternative is samarium. In the spectral region in question, the samarium 
bands closely correspond to the manganese bands. Hence the difficulty as to which is the 
active agent of willemites must be decided by determining which shows the characteristic 
luminescent color of natural willemites, when it is used as the active agent in zinc silicate 

One sample of zinc silicate was at the author’s disposal. It was by no means chemically 
pure, its coloring being red, and it showed a violet luminescence. The luminescence was not 
changed by mixing with it a small quantity of maganese oxide. A similar result was reported 
by Andrews.” Agents hindering luminescence due to manganese, might be present in the 
sample. But, after mixing with the zinc silicate a small quantity of samarium, a red lumin 
escence was obtained, which became more and more intense upon raising the temperature of 
calcination. Moreover, no such red tint was obtained by heating the previously studied 
samples of willemite. Their luminescence was constantly yellowish green, except in the parts 
consisting of franklinite, which emitted a red light. This experiment. therefore, points to the 
conclusion that manganese, not samarium, is to be regarded as the chief active agent in wil 
lemites. 

After the above conclusion was obtained, the original note about the method of preparation 
of Willemite IV was found. It says that Andrews prepared that sample by mixing together 
100 gr. of zinc sulphide, 50 gr. of silicic acid, and 0.5 gr. of manganese oxide, and heating it to 
a temperature of 12(6°. This confirms the result obtained for sample IV and explains the 
luminescent color shown by zinc silicate mixed with a small quantity of manganese. 

Kunzire I. Few studies of the origin of the luminescence of this well-known luminescent 
crystal have been made. The present sample showed a very bright orange luminescence. Its 
origin was unknown. Eleven manganese and two samarium bands were identified, also 
seven bands due to an element which is probably ytterbium. 

Kunzite II. This sample came from Sicklers Hill, Pala, California. Like Kunzite | it 
showed a very bright orange luminescence. Twelve manganese and four samarium bands 
were identified, also one thallium band, and three bands. belonging to an element which is 
probably ytterbium. 


" Baskerville, C.: Chem. News, 95, pp. 255-256; 1907. 
# Andrews, W. S.: Fortschr. 60, 2, p. 567; 1904. 
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\ccording to these results, the chief active agent in kunzite is manganese, while ytterbium, 
samarium, thallium, etc., play lesser parts. Analyses of spodumenes from San Diego county, 
California, by Schaller; of kunzites from Rincon, California, by Jaeger and Simek; and of 
“kynzites with a deep lilac color, quite free from flaws,” by Davis, etc., all indicate the presence 
of a few tenths per cent of manganese. 


Finally, the author wishes to express his thanks to Professor E. L. 
Nichols for his guidance throughout the researches described in this 
series of papers and also to Professor R. C. Gibbs and to Drs. D. T. 
Wilber and J. Papish for their assistance. The samples studied were 
furnished by Professors E. L. Nichols, L. M. Dennis, A. C. Gill, H. L. 
Howes and C. C. Bidwell, and by Messrs. K. Niinomy and J. H. C. 
Martena, to all of whom the author is also much indebted. 


PrysicaAL LABORATORY OF CORNELL UNIVERSITY, 
ITHaca, NEw York. 


Change of Wave Length of Light and X-rays in Scattering.— 
The increase of 0.24 A in the wave length of radiation scattered at 90°, 
relatively to the wave length of the primary radiation, measured by 
A. H. Compton upon X-rays and explained as due to interchange of 
momentum and kinetic energy between quantum and atom both con- 
ceived as elastic spheres, is verified by Ross upon the Mo Ka-lines 
scattered by paraffin. Like Compton he observes scattered radiation 
of two wave lengths; one the primary wave length, the other a more 


intense radiation differing by .025 A in wave length. A test of light 
of wave length 5461 A, also scattered by paraffin, gave negative re- 
sults, although the optical system was sufficiently delicate to have 
detected a shift of the predicted magnitude if one existed—{F. A. 
Ross, Stanford; Phys. Rev. (2) 22, pp. 201-202; 1923.] © 

K. K. Darrow 


L Absorption Spectra of the Elements 57, 58, 64, 66, 68, 69, 70, 
71, 72.—Measurements on the Li, Le, and L; absorption edges of these 
elements. “It depends entirely on the thickness of the absorbing layer 
whether a single discontinuous alteration of the absorption coefficient 
(as an edge) or an absorption line is obtained; we succeeded in some 
cases, using a very thin homogeneous layer, in producing a plate show- 
ing no indication of a sharp change in absorption, but instead a bright 
line such as one is accustomed to see in optical spectra.” The breadth 
of this line was chiefly that of the slit; the setting was made on its 
center and was evidently considered equivalent to a setting on the slit. 
The data agree with the values assigned (by interpolation) by Bohr 
and Coster, and hence may be considered as supporting their idea that 
rearrangements in the internal electron shells are manifested by ir- 
regularities in these absorption frequencies.—{D. Coster, Y. Nishina, S. 
Werner (Copenhagen); ZS. f. Phys. 18, pp. 207-211; 1923.] 

K. K. Darrow 
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Determination of e/m from Measurements of the Zeeman 
Effect. —An enormous number of lines of Cr, Fe, V and other metals have 
lately been examined by Babcock in regard to their Zeeman effect: 
and while relatively few of them, apparently, display the “normal” 
Zeeman resolution, they all are resolved into components of which the 
displacement is n/m times the “normal ’’displacement, where n and m 
are small integers (values of m as high as 21 are identified by virtue of 
the great amount of data). Some of the most suitable of these, mostly 
in the blue and violet regions of the spectrum of Cr, were selected to 
serve for an accurate quantitative measurement of e/m. The chief 
experimental difficulty lies in measuring the magnetic field accurately. 
This was done by withdrawing a test coil from the air gap of the electro- 
magnet, the current impulse thus produced being compared with that 
produced by reversing a carefully-measured current in the primary cir- 
cuit of an accurately known mutual inductance, of which the secondary 
circuit is connected in series with the same ballistic galvanometer. 
Variations of the magnetic field over small distances within the air gap 
were detected and measured with a bismuth spiral. The effective “mag- 
netic” area of the test coil was determined by comparing the current 
impulses produced by withdrawing it and by withdrawing a single layer 
coil of which the area could be measured by geometrical means; the 
quotient of flux by area yields the desired field strength. Values of the 
displacement were measured upon various lines upon each of forty-nine 
plates, and a weighted mean for e/m was calculated as 1.76 x 10’, witha 
probable error of 1 part in 1800, and an uncertainty believed not to 
exceed 3 parts in 1800 at most. [H. D. Babcock, Mt. Wilson; Astro- 
phys. J. 58, pp. 149-163; 1923.] 

K. K. Darrow 


Critical Potentials of the Thorium M-series Lines.—Photo- 
graphs of the emission spectrum and the absorption spectrum of Th 
are taken on the same plate at the same time by using a Coolidge tube 
with Th anticathode and sending the radiation through tissue paper 
soaked with thorium nitrate solution. Excellent photographs are 
shown; as the voltage is raised from 3.2 kv new lines and absorption 
edges appear one after another. Six lines in all (plus two faint ones 
ascribed to impurities) are observed, and five absorption edges. Com- 
paring the critical potentials with the edges, Ross concludes that the 
a, 8, y, 6, €1, and ¢€,lines correspond to the M;, M2, M;, Ms, and Ms edges 
respectively. The six products of critical excitation potential by wave 
length of absorption edge vary only between 12.00 and 12.40, while 
either factor separately varies over a range of 60% from its minimum 
value—{P. A. Ross, Stanford; Phys. Rev. (2) 22, pp. 22-225; 1923.] 

K. K. Darrow 








INSTRUMENT SECTION 


FURNACE PERMEAMETER FOR ALTERNATING 
CURRENT MEASUREMENTS AT SMALL 
MAGNETIZING FORCES 





By G. A. KELSALL 


The furnace permeameter is an instrument for measuring the 
permeability of magnetic specimens at elevated temperatures. It 
consists essentially of a permeameter.of the type previously described! 
with the addition of an annular electric furnace immediately surround- 
ing the sample under test and suitably heat-insulated from the other 
parts of the instrument.’ Like the simpler permeameter it measures 
the permeability of ring samples for small magnetizing forces at tele- 
phonic frequencies without the necessity of winding magnetizing coils 
upon them. The maximum temperature at which the sample can 
conveniently be maintained with the particular design here described 
is about 1000° C. By filling the unheated furnace with liquid air a 
minimum temperature of —190° C is attainable, making the whole 
range of the instrument about 1200° C. 

A cross-section of the furnace permeameter is shown in Fig. 1 and 
photographs of the instrument in Figs. 2 and 3, the permeameter and 
furnace covers being removed in the latter showing the heating chamber 
with the test sample in place. 

In order to provide for the support of the furnace and to protect the 
parts external to the furnace from undue heating, several changes were 
made in the copper shell of the permeameter. The electrical contacts 
between the shell and its cover were also made more secure than in the 
room temperature instrument to avoid contact resistance changes due 
to changes in temperature. Referring to the figures it will also be noted 
that the permeameter now stands on an iron framework to provide 
space underneath the instrument for a ventilating blower. 

The center tube has a shoulder which supports the furnace while the 
upper narrower portion of the tube holds the furnace centrally in place. 
The center of the cover is joined electrically and mechanically to the 
center tube by a construction shown most clearly in Fig. 1. A brass 
sleeve with a square shoulder at its center is slipped onto the center tube. 


1G. A. Kelsall, J. O. S. A. and R. S. L. 8, pp. 329-338, 1924. 
2 G. A. Kelsall, U. S. Patent 1,457,438; 1923. 
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The lower end of this sleeve is slightly tapered and is threaded extern- 
ally, having four vertical saw slots so that it may be secured firmly at 
the proper height by means of the lower clamping nut. The cover is 
pressed against the shoulder of the sleeve by the large upper clamping 
nut. The height of the sleeve is such that the outer edge of the cover 
rests against 12 stop pins so that the cover is always in the same posi- 


TEST SAMPLE BRASS CLAMPING NUTS 
¢, CLAMPING BAND 
STOP PIN ‘ J 
ames STOP PIN 
ie." 
COPPER RING 

eS 

AIR SPACE 


HEATING ELEMENTS 


| 


FIRE CLAY TUBE 
THERMO COUPLE 
TERMINAL Bi aK 


COPPER ~ 


' 
Tic. 1 


tion after assembling. The outer periphery of the copper shell, which 
is slotted vertically, is firmly pressed against the rim of the cover by 
the clamping band. 

The transformer core with its associated primary winding is shown 
in the bottom of the copper shell in Fig. 1. The primary terminals, 
insulated from the shell by bushings, are seen at the front in Figs. 2 and 
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3. The space between the primary winding and the lower part of the 
center tube allows free passage of air from the ventilating blower. 

The permeameter is so designed that the magnetizing force at which 
the sample is tested is very nearly constant when a constant current is 
sent through the primary, notwithstanding the large variations in the 
permeability of the sample which frequently occur with temperature 
changes. This has been found very convenient in making tests. It is 
effected by making the transformer core of high permeability material 


Fic. 2 


and of a mass many times larger than that of the sample to be tested. 
In the instrument shown in Fig. 1, the core is made of one of the perm- 
alloys* with a permeability at small magnetizing forces of approximately 
3000 and its volume is approximately 150 times that of the usual form 
of test sample. Under these conditions the primary current is nearly 
all effective in producing a magnetizing force on the test sample because 
the exciting current, which is the current flowing with the secondary 
open, is comparatively small. In the test shown by the curve in Fig. 4 


*H. D. Armold and_G. W. Elmen, Jour. Franklin Institute, 195, pp. 621-632; 1923, 
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the permeability varied over a wide range, namely between 1 and 3240, 
while the value of the magnetizing force exerted on the test sample 
varied only between .00482 and .00503 gauss. 

The furnace shown in Figs. 1 and 3 consists of an annular trough cut 
from a block of lavite and of a ring-shaped cover of the same material. 
The furnace rests on the edge of a fire clay support, the air space be- 
tween these parts providing additional heat insulation. The entire 
furnace like the sample itself is interlinked with the secondary. 

There are two heating elements in this furnace, both wound non- 
inductive lywith respect to the other circuits of the permeameter. One 


Fic. 3 


of these heating elements is imbedded in the bottom of the trough and 
the other in the lower face of the cover, both being covered with 
alundum cement. The terminals of the lower heater are brought out 
through the furnace partitions and through the secondary as shown in 
Fig. 1, and the terminals of the heater in the furnace cover project 
through its top as in Fig. 3 and through corresponding holes in the 
permeameter cover as in Fig. 2. Except when extra rapid heating is 
desired only the heater in the bottom of the furnace compartment is 
used. 

The ventilating system as shown in Figs. 1 and 2 consists of a motor- 
driven blower which sends two streams of air as indicated by the 
arrows in Fig. 1, one. through the center tube and the other through holes 
in the bottom of the copper shell outside the base of the center tube, 
past the primary and core, around the outside of the furnace and out 
through holes near the center of the permeameter cover. 
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The samples of material tested in this apparatus have usually been 
in the form of 6-mil tape 1/8 in. wide spirally wound into a ring of 
approximately 3 in. inside and 3 1/2 in. outside diameter. Such a test 
sample is shown in the furnace compartment in Figs. 1 and 3 resting on 
a wide copper ring which assists in maintaining uniformity in tempera- 
ture throughout the sample. This temperature is read by means of a 
thermocouple which is welded to the outside turn of the ring and the 
wires from which are brought out through a two-bore fire clay tube 
which extends through the wall of the furnace, fire clay support and 
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copper shell. The thermocouple wires are connected to spring clip 
terminals on the outside of the instrument, seen at the right in Figs. 
2 and 3. The thermocouple is connected through these terminals in 
the usual manner to a suitable meter with compensating leads as shown 
in Fig. 2. i. 
In making a test the sample with a thermocouple welded to it is 
placed in position as in Fig. 3. The furnace and permeameter covers 
are put in place and the apparatus assembled as in Fig. 2. The primary 
terminals are connected to an inductance bridge and the inductance of 
the permeameter measured. From this inductance reading the per- 
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meability of the sample at room temperature is determined. ‘The 
method of calculating the permeability from this inductance reading 
and the magnetizing force at which the test is made are described in 
the previous paper.‘ Current is now supplied to the heater and readings 
are taken simultaneously of temperature and inductance. 

The curve in Fig. 4 shows the results of a test made at 600 cycles ona 
ring of iron tape. The temperature of the test sample was first lowered 
by means of liquid air to —190° C. It was then raised to 805° C and 
cooled to room temperature. The time for this particular experiment 
was about eight hours, the greater part of which was taken up in slow 
cooling to room temperature. 

The changes introduced in order to adapt the permeameter for meas- 
urements at different temperatures have not impaired its accuracy, 
the determination of permeability at both high and low temperatures 
being made with the same precision as at room temperature. 

RESEARCH LABORATORIES OF THE 

AMERICAN TELEPHONE AND TELEGRAPH COMPANY, 


AND THE WESTERN E.Lectric ComMPANY, INCORP RATED. 
NOVEMBER 8, 1923. 


Wave Length Tables for Spectrum Analysis. Compiled by F. Twy- 


man, F. Inst. P. ix+106 pages. Published by Adam Hilger, Ltd., 
75A Camden Road, London, N. W.I. 7s. 9d. post paid. 


This book is a collection, in the handy form of a small volume, of 
wave length tables and some supplemental material, for use in the spec- 
trum analysis laboratory. Particular attention has been paid to the 
preparation of “‘lists of those lines of each element which are especially 
distinctive, as being those still showing when very little of the element 
is present. These have not heretofore been collected in one volume.”’ 

The book is divided into four parts. Part I, Wave Lengths and Wave 
Numbers, contains an abstract of certain pertinent material in Fowler’s 
“Report on Series in Line Spectra.’’ Part II discusses Standard Wave 
Lengths and gives the Secondary and interpolated Tertiary Standards 
adopted up to May, 1922, from 2375 I. A. to 8495 I. A. Part III, the 
major part of the work, gives the distinctive lines of the elements, 
showing those lines still present for various vanishingly small percent- 
ages such as .1 per cent, .01 per cent, and .001 per cent. Part IV con- 
tains a list of Wave Lengths suitable for use in determining stellar 
radial velocities. The book should find ready use among students of the 
subject. 

F. K. RICHTMYER 


*G. A. Kelsall, loc. cit. 





OPTICAL COLLINEATION, INDEPENDENT OF METRICS 
By Lupwik SILBERSTEIN' 


The purpose of the present paper, of which an account was sometime 
ago communicated through Messrs. Adam Hilger, Ltd., to a Florence 
monthly,? is to show how the optical collineation of Mébius-Abbe, 
familiar from textbooks on geometrical optics, can be set up and de- 
veloped without any reference to metrical concepts such as length or 
angle, and therefore also parallelism or orthogonality. In fact, although 
commonly treated with the aid of Cartesian co-ordinates and other con- 
cepts of Euclidean geometry, the optical collineation may be considered 
as a purely projective transformation of the object space into the image 
space, and its properties should, therefore, be independent of the usual 
measuring processes and of the particular metrical nature of the con- 
templated space, Euclidean, Riemannian (elliptic) or Lobatchevskyan 
(hyperbolic). It can be based entirely on the axioms of projective 
geometry, and when thus treated, may be designated as the non- 
metrical generalization of the familiar optical transformation. 

To follow the investigation, scarcely more than the elementary knowl- 
edge of non-metrical vector addition is needed, as explained in the 
author’s Projective Vector Algebra (London, Bell, 1919). To avoid 
digressions, the reader may be referred particularly to the few sections 
which treat of vector addition with respect to a conventional reference 
frame, “the 7-plane’’ which may be any plane, in the case of three, and 
“the T-line” (any straight line) in the case of two dimensions. 

It is enough to consider in detail the relations in two dimensions, in 
any plane passing through the optical axis; the generalization to three 
dimensions being perfectly obvious. 

Thus, let F:, F2, be two fixed points and f:, ps, two fixed straight lines 
which meet in a point, 7,, of the 7-line itself, the latter being any con- 
ventionally chosen straight line. The points F:, F2, will thereafter play 
the part of the foci, and the lines p;, p2, that of the principal lines of the 
system. Let the join F;, F2, to be called axis, intersect the T-line in Tr, 
as shown in the figure. The two points F;, F:, and the two lines p:, 
fs, together with the conventional 7-line, will henceforth be our fixed 
elements or data. 


‘ Paper read October 26, 1923, at the Cleveland annual meeting of the Optical Society of 
America. 


? Rivista d’Ottica e Meccanica, /; Sept., 1919. 
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Now, given any point R of the plane as object, let us establish the 
following purely projective correspondence leading to a definite point 
R’, the image of R:— 

Draw RF, crossing p; in A;, and RT», crossing pz in Bz; next draw 
the lines BF, and AiTp. Their cross R’ will be considered as the image 
of R. 

This one-to-one correspondence of points can be characterized briefly 
in terms of the involved graphical, i.e. straight-edge operations by 
writing RF,-, for the cross of the lines RF; and p,, etc. Thus, 

R’ =((RF.p:)Tr] [((RTP.p2)F 2). (1) 

If the space be Euclidean, if T were “the line at infinity,” and /,, p, 
perpendicular to F\F2, this construction would at once reduce to the 
usual optical collineation, well known from treatises on geometrical 
optics. It is precisely a non-metrical generalization of the latter and 
requires, therefore, the use of a straight-edge only. The figure corre- 
sponds to the case of what is technically called a collective dioptrical 
system. The remaining optical systems will be covered by different 
arrangements of the four elements F;, F:, pi, p2. The reasoning and 
the construction will always be the same, viz. as in (1). 

The important thing, however, is that also the usual formulae of the 
optical collineation continue to hold for this generalized correspondence 
of objects and images, provided all lengths and heights, in fine, all 
distances, instead of being measured by a rigid rod, in inches or 
centimeters, are expressed in projective steps (differences of projective 
co-ordinates) relative to the conventional T-line and wholly independent 
of the use of rigid bodies. 

To see this, it is enough to put the graphical construction (1) in terms 
of non-metrical vector algebra. Let, therefore, R, Fi, and so on, be 
non-metrical vectors, whose end-points are R, F,, etc. respectively, and 
whose common origin is any point O chosen arbitrarily on the axis (not 
shown on the figure). The choice of O will, of course, have no influence 
upon our results. Thus, A, being the cross of RF; and p,, and P, the 
cross of p,; and the axis, we have 

A, =aR+(1—a)F,=P.:+6p, (2) 
where p is a vector along the principal line p,, while a and 8 denote scalar 
or ordinary numbers to be determined presently. The equation 
expresses simply that the point A is collinear with R, F, and that it 
lies upon the principal line p. Notice that since p, and p: meet on the 
T-line, every vector along p2, as well as along /;, will be of the form Ap, 
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where \ is some scalar. (See ‘Projective Vector Algebra’.) Next, let 
a be a conventionally chosen standard vector along the axis F,F:2. 
Then, since a and p are linearly independent (their termini Ty and T, 
are, by assumption, distinct points), any vector can be written 
R=xa+ yp, (3) 
so that x, y will be the projective co-ordinates of the point R, the end- 
point of R. Substitute (3) in (2) and write 
F.= gia, P,=ma, 


Graphical definition of projective optical collineation. 


and similarly F.= g2a, P2= 2a; then (2) will give 
ax+(1l—a)gi=m, ay=8, 
whence a and § are readily determined and convert (2) into 
A,=P,+—A », (4) 
I— G1 
where /; = 71 — gi, the number of projective steps leading from the focus 
F, to the principal point p;. Similarly, the vector whose end-point is 
Bz, 
B. = P.+ yp = R+(x2—x)a, (5) 
and finally, noticing that every vector along A,7;, is of the form ya, 
f R’ =A,+ya=vF,+(1—v)Bo, 
where v is a new scalar. Substituting here A, and B, from (4) and (5), 
and writing f2= ¢2— 72, it will be found at once that 
paler ener—fiflatfyp (6) 
X— $1 
This is the required formula expressing the correspondence between the 
object and the image point. 
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If we write R’=x’a+y’p, so that x’, y’ will be the projective co. 
ordinates of R’, referred as before to the axis and either principal line, 
the last formula splits into 


’ fife hae fiy_ 


ft = ¢3— 


x—g) F  £—@’ 
or, putting §=x—¢., t’=¢2.—x’, so that &, ’ will be the axial projec- 
tive co-ordinates of the object and the image counted from the foci F,, 
and F; respectively, 


(7) 


tt’ =f, f2=const., \ 
y /y=fi/E=E'/fe. 
These equations are exactly of the form of those known from Abbe’s 
theory. The constants, /:=7:—¢: and f/2= ¢2— 7,2 are the non-metrical 
generalizations of the familiar “focal distances,’’ counted from the prin- 
cipal points P;, P:. The only difference is that our /;, fe, as well as ¢ 
and so on, are not measured in rigid steps, such as cms or inches, but 
in projective unit steps or in staudtians, so to call the steps of von 
Staudt’s projective scale, whose construction is widely known.’ The 
formulae of optical collineation just derived will become identical with 
the usual ones with respect to their contents, and not merely their form, 
provided space is Euclidean, and the 7-line or, in case of three dimen- 
sions, the 7-plane is relegated to infinity. It may be interesting to note 
that for practical purposes the part of the 7-plane is often taken over 
with sufficient accuracy by a distant screen or wall of the laboratory. 
The special case of a telescopic system, which in the usual treatment is 
made to correspond to infinite /; and f/, but bearing a finite ratio to 
each other, can be defined more simply by stating that to every finite 
couple x, y corresponds a finite couple x’, y’, that is to say, in the present 
treatment, that F; and F; coalesce into a single point of the 7-line. 
In short symbols, F=F,=T,y. Since in this case A;, Bz, Tp ase col- 
linear, the construction defined by the figure or by the formula (1) 
fails, as is also the case with the usual construction. For R’, being the 
cross of AT, with B,:T,, becomes an undetermined point of the line 
RT,y. In this case, the image of any point R can be found analytically 
by the familiar artifice. If &, vo and £’yo’ be an arbitrary pair of cor- 
responding points, substitute in (8) 


X=t—f, X’=t'—h’ 


(8) 


3 Readers unacquainted with it may consult Non-Euclidean Geometry, by J. Coolidge, or 
the booklet already quoted. 
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and let F; and F; tend to Tp, i.e. fi, fo to *. Then, denoting the con- 
stants Vo’ Vo and f2/f; by mp and a respectively, the result will be‘ 

X’=—ameX, yv'=mpoy, (8a) 
which are the familiar formulae for a telescopic system. 

The special case of coinciding principal points, in which also p,, p2 are 
fused into one line, offers no particular interest. In this case A; and 
P. become collinear with T,. This, however, does not give rise to any 
new questions. Turning once more to the general case, represented by 
the figure or by the formulae (8), notice that for x = g; or §=0 we have 
¢’= «, that isto say, the image of the focus F; is on the T-line at Ty. 
Similarly if the object be placed at F2, the image will be at Tp. More- 
over, — is zero for every point of the line F,7,, and similarly ¢’ =0 all 
along F.T,, so that F,7, and F,T, play the part of focal lines (and in 
the case of three dimensions, focal planes); their image is the T-line 
itself. The two focal lines and the two principal lines all intersect on 
the 7-line at Tp; this is the non-metrical generalization of their parallel- 
ism in the usual treatment. 

Next, let the object R be on the principal line p;. Then the cross 
A,=RF,p, will be R itself and the image R’ =(A,T,) (B2F:) will be- 
come 

R’=(RT>p) (B2F 2) = Bs, 
i.e. a point on p2. Thus, the image of the first principal line (plane) is 
the second principal line (plane), a familiar result. In fine, all the funda- 
mental properties reappear in this generalized optical collineation. 

The second of (8) is the non-metrical formula for the lateral magni- 
fication, y’/y=f,/¢. It has an intrinsic meaning, for although the stand- 
ard vectors a, p, were arbitrary, yet y’/y is independent of the choice 
of the unit, this being common to y’ and y; similarly for /:/t. The 
“magnification” stands here, of course, for the ratio of the numbers of 
staudtians contained in y’ and in y. As long as the 7-line (7-plane) 
is kept fixed, this ratio is fixed for every point t,y. The same remark 
applies to the longitudinal or axial magnification which is, by (8), 

dt’ /di= —fif2/®. 

To close the paper, a few words may be said about the non-metrical 
generalization of the so-called optical center of a system. This is, in the 
ordinary treatment, a point C, such that the image /’ of every ray / 


* The simplest way of passing to the limit seems to be the following one. From the second 
of (8) we have £o’/f =ame? and foto’ =f, fo=amete?. Thus the first of (8) gives X’+ame?X 
+X X'/&=0, and since f tends (together with /, f,) to infinity, X’+am@éX =0, and so on. 
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passing through it is “parallel” to /. This is now manifestly to be re- 
placed by the requirement that every / passing through C should meet 
its image l’ on the 7-line (7-plane), i.e. if Ri, R2, be any two points on], 

R,’—R,’=d(R, —R,). 
This gives at once, by (7) or (8), for the ray /, 

y : (fe+t)=a=const. 
Two such rays, say, 

y— af =aifs, ¥ — def = dafe, 
intersect manifestly in 

y=0, = —/fe, (9) 
independently of the values a;, a2, of the constant a. Thus, all rays | 
of the contemplated kind pass through the point (9), which will thus be 
the required optical centre C. It is a point on the optical axis. Ac- 
cording to (9), its position on the axis is determined by 

E=x2—g1= —fe=42— $32; 
in vector symbols, 


C—F,=P.—F:, (10) 


or F,\C = F.P2, which reads : the step from the first focus to the optical 
centre is projectively equal to that from the second focus to the second 
principal point. Thus, the 7-line, or in three dimensions the 7-plane, 
being fixed, and F;, F2, P:, being given, the optical centre can readily 
be constructed by the rules explained in Projective Vector Algebra. 
To sum up the last result, all rays / passing through C meet their images 
l’ on the 7-plane, and no other ray has this property. 
COMMUNICATION No. 198, 


RESEARCH LABORATORY, EASTMAN Kopak Co., 
Rocuester, N. Y.,, NovEMBER 19, 1923. 





AN IMPROVED APPARATUS FOR PRECISION 
RESEARCHES WITH X-RAYS 


By Samuet K. Atuison! anp Georce L. CLark! 


Recently the X-ray apparatus which has been in use in the laboratory 
of Professor William Duane at the Jefferson Physical Laboratory of 
Harvard University has been improved so that results may be obtained 
more accurately and rapidly than before. Two X-ray tubes are now 
run from the same transformer so that two observers may work at the 
same time on different spectrometers. The ionization chambers have 
been standardized in design and built of Pyrex glass. Improved 
variable resistances for accurate adjustment in the filament heating 
circuit of the Coolidge tubes have been devised. This paper aims to 
give a brief description of the apparatus and to mention some points of 
technical difficulty which have arisen and been solved, in the hope that 
other workers in the field of X-rays may be benefited. A list of papers 
already published on researches with this apparatus has been appended. 


APPARATUS FOR PRODUCING CONSTANT HIGH VOLTAGE 


Since commercial alternating current (A. C.) is used as the ultimate 
source of power for the production of the high voltage, some provision 
must be made to counteract and smooth out the variations in voltage to 
which commercial circuits are subject. These variations would, of 
course, be enormously magnified in the high tension circuit. In the 
apparatus to be described here the 550-volt 60-cycle commercial A. C. 
is used to run a motor-generator producing about 120 volts D.C. The 
reader is referred to the complete wiring diagram in Fig. 1 with accom- 
panying legend which makes clear the details of the arrangement. The 
120-volt direct current runs a motor generator set which produces the 
500 cycle alternating current used in the primary of the transformer. 
The fluctuations in the commercial source are stabilized by a 60 cell 
storage battery which “floats” across the 120 volt line between the 
two motor generators. 

The transformer is a 100,000 volt type with one terminal of the 
secondary grounded. The high potential alternating current from the 
secondary is rectified by two large kenotrons and a condenser in the 
usual manner. The process of rectifying high tension A.C. by means of 
two electrical valves and a condenser has been known and in use since 
as early as 1905; the kenotrons of the General Electric Company are of 


1 National Research Fellows. 
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DETAILS OF WIRING DIAGRAM FOR Two TvuBES IN PARALLEL FOR IMPROVED 
APPARATUS FOR PRECISION RESEARCHES WiTH X-Rays (Fic. 1). 
Electrostatic Voltmeter. 
Coolidge X-ray tubes, 200,000 volt type. 
Switch to protect tube filament from 110 volt current used in charging storage batteries. 
Storage batteries supplying tube filament heating current. 
Terminals for plug-in connection to current for charging storage batteries. (Switch 
3 must be rotated in order to light filament and to apply voltage to tube; then one lead 
to 5 is entirely disconnected from the circuit at 3 and the other is dead-ended at 5.) 
Sliding tube rheostat in filament heating circuit. 
“Wheel” resistance for fine adjustment. 
Charge-discharge ammeter. 
Milliammeter for measuring current through X-ray tube. 
Shunt key to protect milliammeter, operated from observer’s stand, and normally closed. 
Large condenser, with center plate grounded. 
100,000 volt kenotron in cathode circuit. 
100,000 volt kenotron in anode circuit. 
100,000 volt transformer, one terminal grounded. 
Resistances in field circuit of generator. 
Carbon pressure rheostat for fine adjustment. 
Generator producing 500 cycle A. C. at about 110 volts. 
Motor operating on about 120 volts D. C. 
60 cell storage battery to stabilize fluctuations in the commercial power circuit. 
Generator producing 120 volts D. C. 
Motor operating on commercial A. C. 
Power lines; 550 volt 3 phase commercial A. C. 


course a great improvement over earlier devices. The filaments of the 
kenotrons are heated by alternating current from the secondaries of 
two step-down transformers (not shown in the wiring diagram) whose 
primaries are insulated from the high voltage. These transformers 
operate on commercial 110 volt A.C. 

The voltage is controlled by variable resistances in the field circuit 
of the alternating current generator. A carbon pressure rheostat is 
used for fine adjustment. The voltages are read from a large electro- 
static voltmeter by mirror and scale. This voltmeter was very ac- 
curately calibrated by a 43,000 volt storage battery and accurate 
high resistances in the work on the value of A from the short wave 
length limit of the general radiation. For the most accurate work, such 
as the evaluation of # and of wave-lengths by the measurement 
of the critical voltage in the quantum equation Ve= fw or d= hc/Ve, 
where a very steady potential is required, this storage battery has been 
used directly whenever possible instead of the generator-transformer 
system. 

We have found that rubber coated wire of the type used in high 
tension connections in automobiles (C9) insulates better and lasts longer 
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under the high voltage than any other wiring yet tested. The wiring js 
enclosed in glass or brass tubing wherever possible, and junctions are 
made in the interior of hollow brass spheres. If this way brushing is 
reduced toa minimum. Brushing, of course, is especially liable to occur 
from the parts of the circuit near the X-ray tube, for here the air js 
made a conductor by the ionizing power of the rays. 


APPARATUS FOR CONTROLLING THE FILAMENT TEMPERATURE 


Since at the voltages and filament temperatures ordinarily in use the 
thermionic current is a very rapidly varying function of the filament 
temperature, care must be taken to insure a constant current in the 
heating circuit. The effect of an increase in current through the tube 
is to lower the voltage and vice versa, since the power remains approxi- 
mately constant. Such variations in voltage produce changes in the 
intensity curves obtained in the spectrometer, especially noticeable 
when peaks of characteristic radiation are under examination. 

The filament heating current is supplied by two six-volt storage 
batteries of a high grade commercial type used in operating auto- 
mobiles. The storage batteries and variable resistances in the circuit 
are mounted on a wooden stand set on insulating supports. A photo- 
graph of the arrangement is shown as Fig. 2. We have found it advis- 
able to set the stand with its insulating supports on a heavy slab of 
glass which itself is supported on insulators, since at high voltages the 
stand may brush to the floor without this protection. 

The connections in the heating circuit are shown in the complete 
wiring diagram (Fig. 1). Every junction in the heating circuit is 
soldered or made by mercury contact except the sliding contact on the 
tube rheostat, which in the most recent form of the apparatus is infre- 
quently moved. The storage batteries, connected in series, furnish an 
emf. of 12 volts. The total resistance in the heating circuit should be 
capable of being varied from about 1 to 6 ohms. The resistance of the 
filament itself is usually well below 1 ohm. The variable resistances 
consist of a sliding contact tube rheostat and a “wheel” resistance 
which will be described later. The tube rheostat has a total resistance 
of about 6 ohms and is capable of carrying 12 amperes. It has been 
found unnecessary to have these resistances non-inductively wound, at 
least in the voltage-current range employed. The sliding contact is 
moved by a long wooden handle to prevent too close approach of the 
operator to the highly charged stand. 
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The “‘wheel’’ resistance has been developed recently and has proven 
extremely satisfactory and convenient as a fine adjustment. This 
apparatus may be seen in the photograph (Fig. 2), and is indicated in 
the complete wiring diagram. A wooden wheel, bearing in its rim the 
resistance wire, turns with some friction on a horizontal axle and dips 
the wire into a mercury cup placed so that the surface of the mercury is 
tangent to the wheel at the rim. The wheel is five inches in radius and 


Fic. 2. Insulated stand holding apperatus for regulation of tube filament lemperciurc, show 
ing milliammeter in the tube circuit under bell-jar. 


the german silver resistance wire of such diameter that its total resis- 
tance lies between .1 and .2 ohm. In the beginning a run, the sliding 
contact rheostat is set so that the milliammeter in the tube circuit 
indicates that approximately the desired thermionic current is being 
obtained, and accurate adjustment and a steady state are achieved by 
slight changes in the wheel resistance. The wheel may be turned by 
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silken cords which reach to the observer’s chair and the adjustment 
made without leaving his seat. With this fine adjustment it is easily 
possible to keep the tube current constant within the limit of accuracy 
of the milliammeter employed. 

The wiring as shown on Fig. 1 permits the storage batteries to be 
charged by connecting the terminals at 5 to the 110 volt D.C. lighting 
circuit through suitable resistance. A switch has been constructed 
which prevents closing the circuit for charging until the line to the 
filament is open. This’ prevents burning*out the filament in the X-ray 
tube through thoughtlessness. The construction and operation of this 
switch may be readily inferred from the representation in the wiring 
diagram. The arms are of copper, amalgamated where they dip into the 
mercury cups. A small ammeter which indicates charge and discharge 
is placed in the circuit at 8 to give a qualitative idea of the magnitude 
of the charge and discharge currents employed. 

The milliammeters have a scale reading from 1 to 10 milliamperes. 
They are mounted on glass stands and under glass bell jars and have a 
short circuiting key in shunt. This key has been constructed with 
mercury contacts so that it is normally shut and must be pulled open 
by a string from the operator’s desk in order to read the milliammeter. 
This greatly reduces the chances of the instrument being burned out 
through carelessness. Furthermore, without this protection electrical 
surges in the circuit may ruin the milliammeters, probably by sparking 
inside them due to the self-inductance of their coils. 

SPECTROMETER AND SLITS 

The essential features of the ionization spectrometer utilized in 
experiments on X-ray wave-lengths, crystal structures, etc., have been 
presented in earlier papers (cf. bibliography). Hence only a few refine- 
ments will be considered in any detail here. A photograph of the 
assembled analyzing apparatus is shown as Fig. 3. The spectrometer 
table itself is a high grade optical instrument with the collimator 
replaced by a slit and the telescope by the ionization chamber. The 
slit defines the incident beam upon the crystal mounted in the center 
of the table. Measurement on the silver scale is made by verniers, 
two each on the revolving crystal table and on the revolving ionization 
chamber support, to 5 seconds of arc. The spectrometer with which 
most of the precision work has been done has an immeasurably small 
eccentricity, so that the reading of one vernier with a magnifying glass 
suffices. 














Witeiaad. 
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Three slits are ordinarily used; one next to the X-ray tube has a 
fairly wide opening and serves as a protection; one fixed upon the 
spectrometer with an opening of minimum width defines the incident 
beam: and one immediately in front of the ionization chamber defines 
the reflected beam. They are solidly constructed of lead blocks faced 
with brass and open or close by means of a worm gear. The supports 
on the spectrometer table are so arranged as to permit accurate adjust- 
ment in all planes. Plumb lines assure perpendicularity of the slits so 
that the openings will be parallel and so that the subsequent adjustment 





Fic. 3. X-ray spectrometer, showing lead protected ionization chamber and electrometer. 








of the X-ray tube and the crystal with respect to each other and to the 
slits is simplified. The real test of the accuracy of this adjustment is 
afforded by an experimental trial of the reflection of X-rays and the 
sharpness of definition of the spectra. 
Tue IoNIzATION CHAMBER 

An exceedingly satisfactory ionization chamber has now been 
standardized after numerous experimental tests. It is constructed 
entirely of Pyrex glass.2, The tubular chamber itself is 30 cm long and 
4 cm in diameter. When it is made one end is blown out so thin that 


2 A diagram will be shown in a paper by J. C. Hudson on Spectrometers in this Journal. 
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the glass will just withstand a vacuum of about 0.1 mm by test, and 
then it is drawn in to serve as a window of minimum absorbing power 
through which the reflected X-ray beam enters. Inside this tube a 
thin polished steel plate is coiled so that it springs snugly against the 
inner surface of the glass. The plate is connected with a tungsten wire 
sealed in a small side tube and connected to a battery of sufficient 
voltage (60 to 100 volts) to produce a saturation current in the chamber. 
An upright tube 10 cm long and 2 cm in diameter with a flare at the 
top for a cup forms an integral part of the chamber. Into this tube a 
tapered steel guard ring is ground, and into the ring in turn a Pyrex 
glass plug. Through this passes the wire leading to the electrometer 
from a brass rod—the second insulated electrode in the chamber 
which is held parallel to the long axis of the chamber but slightly offset 
from the center so as not to be directly in the path of the X-ray beam. 
The cup at the upper end of the outer upright glass tube contains 
mercury in contact with the top of the steel guard ring which must be 
kept at earth potential. Two stopcocks sealed on the side of the 
fonization chamber permit evacuation, drying and introduction of 
ionizing gas. In an ionization chamber constructed in this way’ surface 
leaks and stray emf’s, which were formerly prevalent in chambers made 
from ordinary soft glass, have been entirely eliminated even in warm, 
humid, weather. 

The thin copper wire which conducts the current produced in the 
ionization chamber to the quadrant electrometer is effectively insulated 
and mechanically protected during movement of the ionization chamber 


on the spectrometer by being imbedded in paraffin in the center of 
brass tubes. 


THe ELECTROMETER 


The Curie type quadrant electrometer has proven most satisfactory 
in the researches conducted with this apparatus. It has the following 
advantages: simple and rugged construction; good insulation; adjust- 
able quadrants by means of which mechanical and electrical zeros may 
be brought into coincidence; adaptability to the use of suspensions of 
any length up to 40 cm, and hence to a large range of sensitiveness. 
A full-length .0007 inch phosphor bronze ribbon gives a sensitiveness 
of about 0.8 meters per volt at a distance of 3 meters, while a similar 
silver. suspension gives about 6 meters deflection per volt. The former 


* We are greatly indebted to Mr. F. A. MacAlester of the MacAlester-Bicknell Scientific 
Glassware Co., of Cambridge for the skillful making of these ionization chambers. 
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is usually not sensitive enough and the latter is so subject to thermal 
changes and responds so weakly to torsional force that the electrometer 
zero wanders. . However, great stabilization without any considerable 
decrease in sensitiveness is afforded by the use of only 20 cm of silver 
suspension soldered to a similar length of fine steel ribbon. A minute 
ring of very fine wire, soldered to the end of the suspension, engages the 
flat, sharp-edged hook on the needle. This is constructed from an 
aluminium wire supporting at right angles an aluminium foil vane and 
below this a small sliver of a mirror made by sputtering microscope 
cover glasses. This arrangement has the desirable property of being 
almost perfectly dead-beat. A potential of about 60 volts is applied to 
the suspension and needle. For this purpose radio batteries with one 
terminal grounded have proven perfectly satisfactory. 

One pair of quadrants, together with all parts of the case of the 
electrometer are kept permanently at earth potential. The other pair 
of quadrants may be isolated by the process of breaking a platinum 
point-silver plate contact by means of a lever arm operated from the 
observer’s seat. By this contact key it is also possible to estimate 
sensitiveness and adjust the scale zero by applying to the variable pair 
of quadrants small known voltages of either sign through a grounded 
resistance box and a rocking mercury reversing switch. 


SHteELpiInGc AGAINST Stray RADIATION 


Of great importance in such delicate experiments as the analysis of © 
secondary and scattered X-rays, where at best the ionization currents 
are extremely feeble, is the thorough protection of the entire apparatus 
against stray radiation. In our own equipment the X-ray tubes are 
set up in one room and the spectrometer in another in such a way that 
the beam passes through a small opening in a thick brick wall. Even 
though these walls are faced with 5/8” lead sheets as a protection 
to observer and apparatus, stray radiation coming through doors, etc., 
is easily detected by the sensitive electrometer, especially when 2 tubes 
are being operated simultaneously at high voltages. We have found 
it necessary, therefore, to completely shield the electrometer and 
absolutely every part of the ionization chamber with lead casing as 
shown by the photograph (Fig. 3). This arrangement prevents most 
of the stray ionizing effects. 
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Ultraviolet Resonance Spectra of Iodine Vapor.—This is a study 
of the fluorescence of iodine vapour at room temperature excited by 
radiation of wave lengths between 1800 and 2100 A, first investigated 
by McLennan. The chief advance seems to have consisted in using 
Schumann plates made without gelatine to increase their sensitiveness 
to faint light in that wave length range. On these plates there ap- 
peared series of equally spaced resonance lines, extending from the 
wave length used for excitation (e.g. 1854 or 1900) up to 2170 or there- 
abouts, where they lose themselves in a band spectrum extending from 
about 2040 well on towards the visible. The spacing of these lines is 
about 8 A in wave length or 218 in wave number, equal to the spacing 
of the resonance lines excited by 5461 and other lines in the visible, and 
therefore ascribed to a characteristic atomic vibration within the iodine 
molecule. When the line 1900 of the zinc spark was used as excitant, 33 
resonance lines of greater and 3 of lesser wave length than the excitant 
were perceived. The bands are much more widely spaced, hazy at both 
edges, unresolved (except that some are resolved into doublets or 
triplets, much too coarse to be ascribed to rotations); occupy the same 
positions when the exciting line is replaced by another of different wave 
length; and show no tendency to recede in comparison with the lines 
when the density of the vapor is reduced; nor is their position or ap- 
pearance affected by heating the vapor, as would be the case if the 
rotational momentum of the molecules were distributed according to 
Maxwell’s or a similar law. Their nature is obscure—{O. Oldenberg, 
Gottingen; ZS. f. Phys., pp. 1-11; 1923.] K. K. Darrow 


Excitation of Spectrum Lines by Impact of Electrons with Just 
the Energy Determined by the Quantum Conditions.—In a brief 
note in “Die Naturwissenschaften” Hertz says that he has demonstrated 
for many spectrum lines (not merely the first lines of series) that the line 
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is first excited by impacts of electrons of just the energy required to lift 
the electron from its normal level to the initial level of the transition 
involved in the emission of the line. In his apparatus the influence of 
space charge was made negligible, arcs were prevented from forming 
even above the ionizing potential, and the electrons were emitted from 
a hot surface equipotential within to 0.1 volt. The experiments relate 
to lines in the visible spectra of He, Ne, Hg, Zn, and Tl. By properly 
adjusting the electron voltage with helium “‘it is possible to produce a 
spectrum in which the lines 7066, 6678, 5876, 5016, 3889 are very 
bright, while lines 5048, 4713, 4472, 4121, 3964 are almost invisible and 
appear only as the voltage is raised, and in the order of their excitation 
potentials as calculated from spectroscopic data.” (At voltages in 
excess of the radiation-potential of He, however, all the bright lines 
could always be discerned, presumably because of multiple impacts). 
In Ne the red lines can be produced without the yellow line which norm- 
ally is much brighter but demands an excitation potential 0.4 volt 
higher. Similar observations were made on lines of Hg and of Zn. 
With TI the excitation potential of the green line is found from the 
observations to be 3.5 volt—a new indication that the stable level is the 
2p: level—{G. Hertz, Eindhoven; Naturwissenschaften, //, pp. 778 

779; 1923.] K. K. Darrow 


Existence of Series of the Type (3d—mp).—It is familiar that to 
the sharp subordinate series (2—ms) corresponds, in a sort of inverse 
relation, the principal series (Js — mp); the initial levels of the electron 
transitions involved in the former series are the second, third, fourth, 
and higher members of the family of levels whereof the final level of the 
electron transitions constituting the latter series is the first member, 
and conversely. Is there also a series corresponding in the same manner 
to the diffuse subordinate series (2—md)? If so, it should be repre- 
sented by the symbol (3d—mp). Paschen points out that these series 
usually would be in the infrared and hence not have been obvious. The 
strongest lines 3d —4p would be at a wave length varying, for the alkali 
metals, from 1.36u for Cs to 1.93u for Li; apparently it has been ob- 
served in some cases. Saunders has found 6 lines of the series (3D —mP) 
in the arc spectrum of Ba, and some of the corresponding series in that 
of Ca. Paschen finds five members of the series in the triplet spectrum 
of once-ionized Al, and others in that of twice-ionized Al, as well as 
series inverse to the Bergmann and other known series. As the in- 
creased effective nuclear charge of these ionized atoms displaces the 
spectra towards shorter wave lengths, details of this sort are to be sought 
primarily in them. [F. Paschen, Tibingen; Naturwiss., //, pp. 638- 
640; 1923.] K. K. Darrow 





A PLOTTING INSTRUMENT* 
By A. H. SELLMAN 


Several years ago in working up the data for a report it was necessary 
to plot a great many curves. To facilitate this work the instrument 
described in this article was designed and built. This instrument has 
been found to have several advantages over coordinate paper. The 
speed with which plotting can be done is particularly noteworthy. As 
the scales are not subject to the shrinkage or distortion of printed 
paper, curves drawn with the instrument are more accurate and there- 
fore better adapted to the analysis of the data by graphical differentia- 
tion or integration. There is also a freedom in the choice of scales, and, 
as the curves can be plotted on plain paper, the coordinate lines can be 
drawn in as best suits the data exhibited. Also the reading of the hori- 
zontal and vertical scales is less liable to error than locating inter- 
sections on coordinate paper. 

The plotting instrument consists essentially of two parts; the track 
and the ordinate arm. The track, which contains the abscissa scale, is 
also the guide for the head or runner of the ordinate arm. It is made 
fast to the drawing board on which the plotting is done and the ordinate 
arm is the only moving part. In Fig. 1 is shown a plan view of the 
assembled machine with a section view at the end of each part. The 
track, part A in the diagram, is made of a flat strip of bronze about 
26 in. long, and 344 in. wide. Into this strip there is machined the groove 
B which is a retainer for the abscissa scale. The square groove C is a 
guide for the runner of the ordinate arm. There are two square lugs 
on the extreme edges of the runner which are retained by the groove C. 
The bottom edge of the track has an overhanging flange, which tends 
to hold the runner flat. The runner bears against this edge of the track 
and the accuracy of the instrument depends on the straightness and 
parallelism of this edge and the groove C. In the center of the runner 
a knob is mounted which serves as a grip by which the runner is pushed 
along. 

The runner and the ordinate arm together are very much like a T- 
square, with the head of the 7 lying flat upon the track. The runner is 


* Published by permission of the Director of the Bureau of Standards of the U. S. Depart- 
ment of Commerce. 
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6 in. across and the ordinate arm is 20 in. long. The groove D runs 
lengthwise of the ordinate arm and is a retainer for the ordinate 
scale. The arm is supported at the free end by a small steel wheeled 
carrier that rests on the drawing board. At E on the runner is mounted 
a slide rule glass, the cross-line of which is directly over the abscissa 
scale held in the groove B. 
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Fig. 1 


At F on the ordinate arm is a movable pointer with a slide-rule glass 
on top. The cross-line of this glass is directly over the ordinate scale. 
A small conical hole is bored in the over-hanging part of this pointer 
through which the plotted point is registered with a sharp lead pencil. 

Two scales are used with the instrument. They are exactly alike 
and are made of boxwood covered with white celluloid. The edges of 
the scales are made V-shape, so that they will hold themselves in their 
grooves. An enlarged detail of the end of a scale is shown in Fig. 1. 
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There are four different sets of divisions on each scale which are as 
follows: one centimeter and tenths, two centimeters and tenths, three 
centimeters and tenths, and one inch and tenths. The scales are 
about 18 in. long. The dimensions run from left to right at the top when 
the scales are held horizontally in front of an observer. It will be seen 
that through this manner of putting the divisions on the scales any set 
of divisions on the abscissa can be plotted against any one of the four 


4 2 om 








Fic. 2. Instrument as used. Divisions on scales (shown in white) start at left and bottom. 


sets of divisions on the ordinate. Scales may also be used having 
logarithmic, reciprocal, and trigonometric divisions. Having the scales 
interchangeable permits using, for example, a logarithmic one for one 
coordinate against one having equal divisions for the other. 

Fig. 2 is a photograph which shows the instrument when in use. 
To begin plotting, the cross-lines of both index glasses are set on the 
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zeros of both scales. The coordinate lines of the graph can then be 
drawn by holding a lead pencil in the index F and sliding the runner 
along the base; then return the runner to the abscissa zero and slide 
the index along the ordinate arm. If it is then desired, the main 
dimensions can be marked off on the coordinate lines. In plotting, the 
abscissa reading is set first and then the ordinate. 

The plotting instrument described above is simple in construction 
and not very costly to build. One has now been in operation for over 
two years and has been found very useful. The accuracy of the 
instrument is quite sufficient for plotted data. 

BuREAU OF STANDARDS, 


WasuinctTon, D. C. 
Avcust 15, 1923. 


Theory of the High Frequency Induction Furnace. —The theory 
is simplified to that of a solenoid enclosing a coaxial metal cylinder of 
the same length, the frequency w/2x being so high that on account of 
skin effect the cylinder may be conceived as an infinitely thin walled 
cylindrical shell of resistance xd/2xpw/h=r and inductance r°d°/h. 
In these expressions h is the length of the cylinder, d its diameter, and p 
the resistivity of the material. If the high frequency current in the 
solenoid is unaffected by the metal core, and the metal is a good con- 
ductor, the rate of generation of heat in the core is proportional to 
dV pw. With a core of higher resistance, there is a maximum of rate of 
generation of heat at the value of p given by Vp=Vxwd?/2. With 
poorly conducting materials such as graphite, allowance must be made 
for the current penetrating more deeply down from the surface of the 
core. When the high frequency circuit consists of the solenoid, a 
capacity, and a spark-gap, charged by an outside source to a voltage 
independent of the core, the presence of the core diminishes the ampli- 
tude and increases the frequency of the primary current, and the rate 
of generation of heat in the core can be calculated. The fraction of the 
total applied power thus used varies, for a given frequency and circuit, 
as Vpd*. It appears, however, that by subdividing a given mass of 
ot into narrow cylinders the efficiency is, generally, improved; it 
reaches its highest value for cylinders of diameter V2p/xw. The re- 
sistance of the circuit should also be made as small as possible. Some 
of these conclusions are tested by experiment —{G. Ribaud; Strasbourg; 
J. d. Phys. (6) 4, pp. 185-197; 1923.] K. K. Darrow 





TWO LABORATORY ARCS 
By Heser D. Curtis 


In connection with the program of precision solar wave-length 
determination now being carried on at the Allegheny Observatory by 
Dr. Burns, I have built two arcs which may possibly present points of 
interest to those engaged in similar work. 

An arc for ordinary work is shown in Fig. 1; by making the elevating 
screw one of the structural members, it is possible to place the arc 
flame at any distance from eight to twenty-two inches above the plane 
of support. The insulating material, as in the second arc to be de- 
scribed, is soapstone, cut from a commercial griddle. 

In Figs. 2 and 3 are shown two views of a vacuum arc which is 
giving excellent service. In Fig. 2, the instrument is shown with the 
brass chamber removed, and the glass (or quartz) window can be 
seen; this has a clear aperture of 1.6 inches (41 mm). The volume of 
air to be exhausted is only 125 cu. in. (2000 cc). The supports for the 
slides which carry the electrodes are cast integral with the back plate; 
opposing racks on these slides gear with a pinion so as to give simul- 
taneous and opposite movement of the terminals; the shaft which 
carries this pinion passes through a stuffing box, seen in Fig. 3, and 
terminates in a wooden handle. Flexible copper wires covered with 
glass beads carry the current from insulated binding posts on the back 
plate to the electrodes. Four lugs cast integral with the back plate 
and moving on the vertical steel rods of the stand give, in connection 
with the hand wheel and nut on the vertical screw of four threads per 
inch, a rapid and easy adjustment of the height of the instrument. 

A position lug seen at the bottom of the back plate makes the correct 
placing of the bell easy, and four clips hold it in place till the air pressure 
“takes hold.”” The abutting surfaces of the back plate and bell, as 
well as the seat for the window, are ground, but it is found that less care 
is necessary when gasket rings of high-temperature packing material 
one-thirty-second inch thick (0.8 mm) are used at these points. The 
distance from the arc to the window is about 3 inches (7.6 cm); when 
used with optical systems requiring a greater separation than this to 
place out of focus any dust or irregularities in the surface of the window, 
a 4-inch (10 cm) extension is provided, seen standing upright on the 
base in Fig. 3. A vacuum of 6 to 8 cm is easily maintained by a Hyvac 
pump; the apparatus does not heat unduly in exposures as long as forty 
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minutes, but sufficient metal is provided in the rather massive bell so 


that copper radiating fins may be added, if longer exposures are needed. 


1c. 2 
Acting as my own machinist, the apparatus differs from customary 


instrument shop procedure in that finish is applied only to those parts 
‘which need it. 
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The behavior of the arc between iron terminals in a vacuum of 6 to 8 
cm is so beautifully quiet and regular that for this, as well as for many 
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other reasons, it would seem advisable to specify the vacuum iron arc 
as a standard in all precision work. 
ALLEGHENY OBSERVATORY, 
N. S., Pirtspurcn, Pa. 
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APPARATUS FOR DEMONSTRATING OHM’S 
LAW IN A SIMPLE ONE CELL CIRCUIT 


By C. F. HaGenow 


The relations between potential difference, resistances and current 
in the case of a simple one cell circuit are sometimes shown graphically, 
but the writer is not aware that an attempt has hitherto been made to 
exhibit these relations both qualitatively and quantitatively by means 
of a special apparatus. Following is a description of such a device that 
is suitable both for lecture demonstration and laboratory use. 
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The diagram is one fourteenth actual size. The essentials consist of 
vertical strips of zinc' and copper, of lengths approximately pro- 
portional to their respective electromotive forces with respect to dilute 
sulphuric acid, thus representing these relations in the actual voltaic 
cell. The zinc strip is fixed to a frame, made up of 3/8 inch iron tubing 
in this case, while the copper strip is movable vertically along a brass 
rod as shown. WN and P denote, respectively, the negative and positive 
terminals of the cell. 

The internal and external resistances being represented by horizontal 
distances as indicated in the figure, the slope of the strings, PR and AB, 








' For greater stiffness an aluminum painted brass strip was used. 
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represent the magnitude of the current to any chosen scale. ‘These 
strings are wound up and kept taut by spring spools situated back of P 
and N. (The string AB actually passes over a small pulley at A and 
down to NV, practically invisible from the front of the apparatus.) The 
positions of R and S may be varied for different values of the resistances, 
the strings being of course kept parallel at all times. 

The copper strip can be moved from the position of open circuit, 
when B is level with A, to the position of short circuit, when P is level 
with V.° (For the open circuit the string will have to be removed from 
R and held horizontally). The apparatus shows clearly that the sum 
of the internal and external “drops” is always equal to the sum of the 
heights of the two strips; i.e. the emf. of the cell. Very obvious are 
also the internal drop in potential and the relation of potential difference 
at the terminals to the other variables in the circuit. 

WASHINGTON UNIVERSITY, 


St. Louis, Mo. 
January 17, 1924 


Vacuum Grating Spectrograph and the Zinc Spectrum.— 
This article is largely an account of the performance of a concave grating 
newly ruled with Rowland’s machine (radius of curvature one metre, 
15000 lines to the inch, ruled surface 1 x 4 inches) mounted in a vacuum 
spectrograph and used upon a “vacuum spark”’ between zinc electrodes 
in the spectral range 800 to 1900 A. Judging from the reproductions 
which are shown, the new apparatus is competent to give spectra much 
more distinct and highly resolved than any previously used in this 
range. The discharge is “an intermittent arc-like one” between beads 
of metal about 1 mm apart, operated by a 30,000-volt transformer with 
condensers in parallel and a one-cm spark-gap. Wave length measure- 
ments on some seventy lines, nearly all ascribed to zinc, in the cited 
range are given (with reservations as to a possible future improvement 
of the comparison wave lengths).—{R. W. Wood (Johns Hopkins) Phil. 
Mag. 46, pp. 741-750; 1923.| K. K. Darrow 





A SIMPLE AUDIOFREQUENCY MECHANICAL 
ALTERNATOR 
By C. J. Lapp 


Since the advent of the vacuum tube, high frequency mechanical 
alternators have received little attention. A small alternating current, 
say sufficient to energize a telephone receiver, with a frequency range 
from 20 to 40,000 cycles, has many uses. It is desirable in some cases 
for such a current to be produced by a simple mechanical alternator 
with a wide range of frequency. Such a generator has been designed. 





By making use of the Vernier principle it has been possible to make 
the number of cycles generated per revolution equal to the product of 
the number of poles on the stator by the number of armatures on the 
rotor. A drawing has been made, Fig. 1, and is reproduced simply to 
show clearly the basic principle used in design. A machine built similar 
to Fig. 1 would give 12 cycles per revolution. 

A photograph has been reproduced (Fig. 2) of the actual alternator 
as constructed. Each pole made from soft iron has an outside diam- 
eter of 2.5 inches and an inside diameter of 2 inches. The field wind- 
ings are in series and contain twenty turns of No. 22 copper wire on 
each pole. The armatures each 0.375 inch long and 0.25 inch on each 
side are set into a brass disk 0.25 inch thick and 3 inches in diameter. 
This can be rotated at any desired speed by a belt on a pulley at the 
end of the shaft. The air gap at each end of the armature is 0.005 inch. 

The current is induced in coils wound on the poles by the changing 
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flux in the poles. All coils are therefore stationary. These coils con- 


tain 2000 turns of No. 34 D. S. C. copper wire. 

The design of the alternator can be greatly changed and still retain 
the Vernier principle of action. The number of turns on either of the 
coils can be changed at will. The number of armatures on the rotor may 
be any multiple of (w—1) or (m+1) where m is the number of poles. 





Fic, 2 


The armature as described above can be rotated at any speed up to 
12,000 R. P. M. This gives 4000 cycles per second. A machine with 
15 poles and 14 armatures at this speed would give more than 40,000 
cycles per second. 

Puysics LABORATORY, 

UNIvERsITY oF Iowa, 
Iowa City, Iowa. 
NoveMBER, 1923. 
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DIMENSIONS OF CYLINDRICAL HIGH 
POTENTIAL BUSHINGS 


By Atrrep W. Simon 


ABSTRACT 


A mathematical investigation is made of the relations involving the dimensions of cylind- 
rical high potential insulating bushings. Use is made of the equation giving the maximum 
potential gradient in the dielectric, when a belled outside shield is used. 

For a minimum cross-sectional area of the ring of dielectric it is found that 

r=1.255Vf/ gm 

R=2.218r 
where r is the inside diameter of dielectric in cm, R is the outside diameter. V is the maximum 
line voltage in kilovolts, f is the factor of safety, and gm is the dielectric strength in ki'ovolts 
per centimeter. 


In designing a lead covered X-ray tube box the problem of determin- 
ing the most economical dimensions of a cylindrical high tension bushing 
(insulator) arises. In the following paper a simple formula is deduced 
connecting the radii of the bushing with the dielectric strength of the 
insulating material, the line of voltage, and the factor of safety. It is 
assumed that an electrostatic shield in the form of a cylinder with 
belled ends is employed. 

The maximum potential gradient g, inside two infinitely long con- 
centric cylinders of radii r and R is given by: 


fe=V/r ios-(F) (1) 


where V is the maximum line voltage. 

This represents the maximum potential gradient also for two con- 
centric cylinders of finite length, such as the cylindrical shields of an 
insulating bushing, if the ends of the outer cylinder are belled. If f is 
the factor of safety used in the design, then the dielectric-strength of 
the insulator must be 

8m =fGw 
Let us define a quantity p such that 
p=Vf/gm=V/g0 


p= rlog.( *) (2) 
r 


From this equation the proper r for any given p can be calculated. 
For the most economical construction, however, we wish to find the 
values of r and R which will make ht cross-section of the ring of 
dielectric a minimum. Now the area of the ring is 
a=1(R?—’) 
705 


Equation (1) then becomes. 
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from which R= /° +r 
T 


Substituting this value of R in equation (2) we obtain 


p=r loge} 4/ i+? | 
pa 
or a = mr*(e2e/"— 1) (3) 
To find the value of the radius for which this area is a minimum we put 
e20/tm(r,— p) —Tm=0 (4) 
where r,, is the value of r for minimum cross-section. 
Equation (4) may be written in the more convenient form 
20/rmt+log.(1—p/rm) =0 
Solving this equation by trial and error we find 
rm=1.255p 
where as before 
p=Vf/gm (5) 
Thus the radius of the inner tube is proportional to the maximum 
applied voltage and inversely proportional to the dielectric strength. 

Substituting this value of p in equation (2), we find for the radius of 
the outer cylinder. 

R,,=2.784p= 2.2187, 6) 
where all the dimensions are expressed in centimeters. 

As an example of the application of these formulas, suppose an in- 
sulating bushing is required for the lead box surrounding an X-ray tube, 
in which the line is to be insulated for a peak potential difference of 
150 kv from the box. The insulating material has a dielectric strength 
of about 300 kv cm. Allowing a factor of safety of 4 we thus find 

1504 
-— = 
For the radius of the inner cylinder equation (5) gives r_= 2.51 cm; 
and for the outer cylinder, by equation (6), R»= 5.57 cm. For material 
of the same dielectric strength, the dimensions for other potentials are 
simply proportional to the peak voltage applied. 

In conclusion I wish to thank Professor Arthur H. Compton for his 
kind criticism of this work. 

RYERSON PuysicaL LaBoraTory, 

UNIVERSITY OF CHICAGO 
Cuicaco, ILLINots. 
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A QUARTZ SPECTROGRAPH FOR WAVE 
LENGTHS TO 1850 A 


By E. O. Hutsurt 


A spectrograph which was effective in the ultra-violet region of the 
spectrum to wavelength 1850 A was constructed by mounting a 30° 
quartz prism in the Littrow manner. The parts were arranged as shown 
in Fig. 1. The light from slit S, which was at the ultra-violet focus of 
the quartz lens L, was rendered approximately parallel by the lens and 
passed through the quartz prism P. It was then reflected from the 
back surface of the prism by a layer of mercury in contact with the 
quartz and returned through the prism and the lens, being brought to 
a focus on the photographic plate 7, or fluorescent screen. The plate 


L 
(1) 








JT (2) 
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Fic. 1. Quariz speclrogr sph; (1) plan, (2) elevation. 


was placed immediately above the slit and was tilted at an angle of 
about 25° with the axis of the spectrograph. Those wave-lengths which 
came to a focus above the slit automatically passed through the prism 
at minimum deviation. Since the prism was traversed by the light in 
both a forward and backward direction the prism behaved exactly as 
a Cornu prism. The quartz lens was 32 mm in the diameter and of 
focal length about 27 cm for visible light’and 21 cm for light of wave- 
length 2100 A. The small angle of the prism was 30°, the other angles 
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were 60° and 90°, respectively, and the face of the prism was sufficiently 
large to cover the beam of light from the lens. The lens and prism were 
received a few months ago from Steeg and Reuter, Germany, (through 
the J. G. Biddle Co., Philadelphia) at a total cost of about forty dollars, 
Clean mercury was poured into a small tank fastened to the prism. 
The tank was sealed with beeswax and rosin mixture and the reflecting 
surface has remained without appreciable deterioration for several 
months. 

The photographic performance of the spectrograph is demonstrated 
by the spectrograms of Fig. 2. This gives the spectra taken on Seed 
L Ortho plates of the condensed spark between aluminum and zinc 
terminals, respectively, with a current of about eight amperes. The 
time of exposure was thirty seconds for the zinc spectrum and for the 
aluminum spectrum down to the point marked a. For the shorter wave- 
length aluminum lines below a the exposure was three minutes. The 
extreme cadmium lines 1856 and 1873 appeared on these plates with an 
exposure of six minutes. The length of the spectrum from 2800 to 1850 
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A was about 77mm. The dispersion at 2700, 2500, 2300, 2100, and 1900 
A was 24, 18, 13, 9, and 6 A per mm, respectively. The reflecting power 
of quartz backed by mercury was measured! sometime ago and was 
found to be about 55% for the region 3500 to 2100 A. Comparison 
between spectrograms taken with the present instrument and those 
taken with a 60° prism, two lens, quartz spectrograph of the usual type 
indicated that the reflecting power of mercury against quartz does not 
diminish rapidly, if at all, from wavelength 2100 to 1850 A.. The 
falling off in intensity of spectra from a quartz spectrograph in the region 
below 2000 A is due in large part to the absorption of quartz and to a 
lesser extent to that of air. Therefore, improvement in intensity as well 
as in dispersion and clearness of spectrum is gained by the use of thin 
lenses, not too short in focal length, and of thin, small angled, prisms. 


' Astrophysical Journal, 44, p. 1; 1917. 
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The lens L and prism P were mounted on a metal carriage which could 
be moved by a screw adjustment along the base of the spectrograph for 
the purpose of focussing. Both the lens and prism were provided with 
adjustments for tilting and rotating about a vertical axis. The slit S 
could be rotated slightly in its own plane. Just as in any short focus 
spectrograph, this is a sensitive and important adjustment, being 
used to obtain lines perpendicular to the march of the spectrum. The 
plate holder 7, which was mounted above the slit S and as close to it as 
possible, could be rotated about an axis in line with the slit. Flat 
plates were used and gave fair sharpness of focus over the region of the 
spectrograms of Fig. 2. For wider spectral ranges curved plates would 
perhaps be better. All adjustments were greatly facilitated by being 
equipped with some simple form of arbitrary scale. 

The lens is tilted slightly to prevent the light reflected from its sur- 
faces from falling on the plate. The prism is also tilted to throw the 
spectrum above the slit. Asa result a distortion of the spectrum occurs, 
evident in Fig. 2, such that if the lines above the slit, i.e. in the central 
portion of the spectrum, are perpendicular to the march of the spectrum, 
the lines remote from this region are not so, but show a small obliquity 
and curvature which increase with the distance from the slit. This dis- 
tortion would usually be inconsiderable; it could, if necessary, be cor- 


rected by the use of a lens or prism with properly curved surfaces. 
PHYSICAL LABORATORY, 


UNIVERSITY OF Iowa, 
January, 1924 
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OPTICAL SOCIETY OF AMERICA 
ANNOUNCEMENT OF CHANGE OF SECRETARY 
Mr. Irwin G. Priest has resigned as Secretary of the Optical Society. His resignation wil] 
take effect April 26, 1924. 
After that date Prof. F. K. Richtmyer will serve as Secretary pro tem until further notice 
Communications intended for the Secretary should be addressed to 
Prof. F. K. Richtmyer, 
Secretary, pro tem, O.S. A., 
Rockefeller Hall, 
Cornell University, 
Ithaca, N. Y. 


An Open Letrer TO ALL MEMBERS OF THE OPTICAL SOCIETY 


Fellow Members: 

I wish to state that my resignation as Secretary of the Optical Society has been occasioned 
solely by the fact that I have found it impossible to properly discharge the duties of that 
office, without seriously neglecting other duties which have a prior claim on my time 

I remain a loyal supporter of the Society, and its present administration. Because of my 
interest in the Society and its work, the necessity of resigning has been a source of the greatest 
regret to me. 

Assuring you that I have the greatest faith in this Society’s mission in the scientific world, 
and expressing my best hopes for its prosperity, I remain 

Yours sincerely, 
Irwin G. Priest 
WASHINGTON, 
April 2, 1924 


NOTICE OF APPOINTMENT OF COMMITTEES FOR 1924 


The following committees have been appointed by the President and approved by the 
Council: 

STANDING COMMITTEES.—The function of the Standing Committees is the super 
vision and encouragement of those activities on which the Society’s existence primaril) 
depends. 

COMMITTEE ON MEMBERSHIP 
W. E. Forsythe (Chairman) 
>. Bittinger 
A. D. Cole 
P. D. Foote 
L. A. Jones 
A. Lomb 
P. G. Nutting 
I. G. Priest 
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COMMITTEE ON FINANCE 
A. Lomb (Chairman) 
P. D. Foote 
F. K. Richtmyer 
J. P. C. Southall 
L. T. Troland. 
COMMITTEE ON PUBLICATION 
Carl Keuffel (Chairman) 
L. W. Bugbee 
G. S. Crampton 
E. L. Elliott 
C. H. Kerr 
Henry F. Kurtz 
Norman Macbeth 
SPECIAL COMMITTEES.—The function of the Special Committees is the study of 
special problems in optics upon which information is needed, or correlation or standardization 
is desirable; the management of and special projects which the Society may undertake; or the 
handling of special Society business which does not fall within the scope of the Standing 
Committees. Members of the Society are urged to bring to the attention of the President desirable 
fields for Special Committee work. 
COMMITTEE ON TRANSLATION OF HELMHOLTz’s PHysioLocic OPpTIcs 
J. P. C. Southall (Chairman) 
A. Lomb 
L. T. Troland 
COMMITTEE ON COLOR TERMINOLOGY QUESTIONNAIRE 
C. Bittinger (Chairman) 
A. Ames, Jr. 
L. A. Jones 
A. E. O. Munsell 
M. Rea Paul 
I. G. Priest 
L. T. Troland 
W. B. Vanarsdel 
E. A. Weaver 
COMMITTEE ON CONTRACT WITH SCIENTIFIC INSTRUMENT MAKERS ASSOCIATION 
F. K. Richtmyer (Chairman) 
P. D. Foote 
A. Lomb 
PROGRESS COMMITTEES .—The function of the Progress Committees is the prepara- 
tion of reports of progress in the several branches of optical sciences for presentation at the 
annual meeting. 
COMMITTEE ON PuHysIcaL Optics 
L. R. Ingersoll (Chairman) 
K. T. Compton 
E. P. Lewis 
W. F. Meggers 
H. M. Reese 
CoMMITTEE ON GEOMETRICAL OPTICs 
F. E. Wright (Chairman) 
C. W. Frederick 
G. W. Morey 
W. B. Rayton 
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CoMMITTEE ON PHYSIOLOGICAL Optics 
L. T. Troland (Chairman) 
A. Ames, Jr. 
P. W. Cobb 
H. M. Johnson 
L. A. Jones 
I. G. Priest 
Charles Sheard 
E. A. Weaver 
COMMITTEE ON PHOTOCHEMISTRY AND PHOTOGRAPHY 
S. E. Sheppard (Chairman) 
W. T. Bovie 
Saul Dushman 
A. P. H. Trivelli 
COMMITTEE ON RADIOMETRY AND PHOTOMETRY 
E. C. Crittenden (Chairman) 
W. W. Coblentz 
C. O. Fairchild 
K. S. Gibson 
L. A. Jones 
Carl Keuffel 
I. G. Priest 
A. H. Taylor. 
|Signed] Irwin G. Priest, Secretary 
WASHINGTON, 
April 2, 1924 











